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1. Introduction and Background
1.1 Gas Phase Negative Ion Chemistry
While considerable attention has been given to the study of
positive ion chemistry in the gas phase,' negative ion chemistry has not
received the same treatment. There are a few theoretical treatments of
gas phase negative ion chemistry,2 but the work is incomplete due to the
difficulties of studying negative ions and the assumptions, such as the
Born-Oppenhiemerapproximation,madeinmodernquantum
mechanical methodologies which are not amenable to the study of
negative ions.3
Negative ion chemistry is important in almost all areas of science
includingatmosphericchemistry,biologicalprocessesandthe
fundamental understanding of basic reaction mechanisms where
electron transfer is important and ionic species are present. Studies
carried out in the gas phase allow for the removal of condensed phase
variables. Mass spectrometry is ideally suited for this task.
Negative ions can be formed in several ways in the gas phase
(Figure 1.1). The first process is ion pair production, which usuallyNegative Ion Formation Processes
1) Ion pair production(> 15 eV)
AB + e- -- A+ + B- +e-
2) Resonance electron capture (-0-1 eV)
AB + e- AB-.-- AB + e-
3) Dissociative attachment (-0-5 eV)
AB + e- [ AB]-- A + B-
Figure 1.1Negative ion formation processes in electron-molecule interactions.
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takes place with electrons over 13 eV in energy. This process is readily
observed in the electron impact spectra of molecules. The second
process is the formation of a temporary negative ion (TNI) that is in a
vibrationally excited state. Such an ion can then lose the extra electron
by autodetachment, to give the excited neutral and a free electron by
resonant inelastic scattering or the neutral in its ground state by
resonantelasticscattering.The TNIcanalsodissociateinto
thermodynamically stable fragments by dissociative attachment, thereby
producing a negative ion and a radical species. This process has been
found to be very efficient4 for halogenated molecules. If the molecule has
a positive electron affinity, the radical anion can be stabilized through
radiative cooling or by collisions with other molecules to give a long-lived
radical anion. To be detectable by mass spectrometry a radical anion
must have a lifetime of >6 p.s. While radiative cooling is generally
considered to be too slow to compete with dissociative attachment,5
collisional stabilization by molecules of a buffer gas has been shown to
increase the lifetimes of TNIs.6
Attachment of a low energy (<10eV) electron to a neutral molecule
is a resonant process, i.e. the transformation of a continuum state of the
neutral molecule and free electron to a bound state of a radical anion.
This TNI has a finite lifetime that is longer than the normal transit time
of a free electron across the space occupied by the neutral molecule'. A
bound electron in a molecule can be represented by a wavefunction,4
I vel2 is equal to the probability density of the electron and is a time
independent, stationary state. An excited molecule in a stationary state
can only relax to the ground state through photon emission. A negative
ion resonance state is a time-dependent non-stationary state whose
energy is complex and can relax to the ground state through emission of
an electron with a characteristic lifetime.
The electron affinity is a quantity that is very much like the
ionization potential for a positive ion. It is defined as the difference
between the heat of formation of a molecular negative ion in its ground
vibrational state and the heat of formation of the neutral species in its
ground vibrational state (E.A. = HNHi). Therefore, if a compound forms
a molecular negative ion that is lower in energy than its neutral parent,
it has a positive electron affinity.
Negative ion resonances can be classified into four distinct types.
The four types of resonances observed in the formation of negative ions
are shape resonances, core excited shape resonances, Feschbach
resonances and core excited Feschbach resonances. Each is described
below.
Molecules with negative electron affinities do not form long-lived
negative ion resonances, having lifetimes of about one vibrational period
(10-13 seconds). They are referred to as "shape" resonances (Figure 1.2).Energy
electronic ground
state of NIR
repulsive
attractive
Radial Distance of Incident Electron
Figure 1.2Schematic illustration of shape resonances which arise from the interaction
between the incident electron and the neutral molecule in its electronic ground state.
cn6
These shape resonances result from a combination of forces in electron
molecule interactions, the attraction potential between the free electron
and the neutral molecule,
Vattr =
0412
2r4
(1)
where a is the polarizability of the molecule, r the distance between the
incoming electron and the molecule and q the elementary charge, and
the centrifugal potential that arises from the relative motion of the two
particles.
h2+ 1)
rePul 2r2 ,u
(2)
whereis the angular momentum quantum number of the electron and
the reduced mass of the electron-molecule system.
The negative ion potential energy surface lies above the potential
surface for the neutral molecule, so that the negative ion produced will
not survive but instead returns to the ground state after loosing the
incident electron. The target molecule can be left in a vibrationally
excitedstateoritcan beleftwith no excessenergyafter
autodetachment. The minimum energy required to attach the electron
without a change in the internuclear coordinates is known as the
vertical attachment energy, and is defined as the difference between the
heat of formation of the ground state neutral and the heat of formation
of the TNI. Shape resonances are then the primary source of the7
abundant fragment ion observed in electron capture negative ion
spectra. This process is commonly referred to as dissociative electron
attachment and leads to the production of a negative ion and radical
species.
Because the repulsive interaction varies as £(.e +1) / 2r, where £ is
the angular momentum quantum number and r is the distance between
the electron and the molecule, the value of £ for the electron must be
greater than one in order for Vrepui to be nonzero. This leads to the rule
that s waves tend not to lead to shape resonances, but p,d and f waves,
with higher £ values, can lead to shape resonances.
The second type of resonance is known as a core-excited shape
resonance, whose genesis is identical to that described above, except
that theeffectiveattractivepotential comes about through the
interaction of an electron with the molecule in an electronically excited
state. In other words, the promotion of an orbital electron into a higher
state within the molecule creates a "hole" that looks like a positive
charge to an incoming electron. Similar to the situation above, TNIs of
this type autodissociate rapidly or undergo dissociative attachment.
The third type of resonance involves molecules with positive
electron affinities. The molecular ions formed by these Feshbach
resonances (Figure 1.3) have ground state heats of formation that are
lower than the corresponding neutrals, thereby giving them much longer
lifetimes. These resonances involve the direct coupling of the incidentEnergy
electronic ground
state of neutral molecule
v'=1
V=0
electronic ground
state of NIRS
Internuclear Distance
Figure 1.3Schematic illustration of nuclear excited Feshbach resonances, which
involve coupling of the kinetic energy of the captured electron to molecular vibration. op9
electron's kinetic energy with some vibrational mode of the target
molecule. After the initial formation of the molecular radical anion, the
TNI is in a vibrationally excited state, and can either autodissociate or
undergo dissociation if itis not stabilized by either radiation or
collisional stabilization. The energy required to eject the electron from
the radical anion in its ground vibrational state without changing the
nuclear coordinates of the radical anion defines the vertical detachment
energy of the electron bound in the TNI.
The fourth type of resonance proceeds by the Feshbach resonance
mechanism, but involves the capture of the free electron by a molecule
in an electronically excited state. These types of resonances are known
as core-excited Feshbach resonances. The electron that is captured
must absorb energy from the molecule to raise it to a level from which it
can be re-emitted, because the NIR lies energetically below the ground
state of the excited molecule. Essentially, the electron sees a slightly
more positive charge due to the excited nature of the target molecule.
TNIs formed by this mechanism can either autodissociate or undergo
dissociation.
The important parameters for these types of dissociative and
nondissociative resonance electron attachment processes and the
pertinent energies involved can be further represented as in figure 1.4.
Electron capture occurs in the Franck-Condon region (C in Figure 1.4)
which can then lead to either dissociation (D in figure 1.4) to form stableEnergy
(eV)
Qc
Reaction Coordinate
E(max)2
Figure 1.4Hypothetical one-dimensional Born-Oppenhiemer potential energy diagram showing the
relationship between the capture of an electron by a neutral molecule (AB), and the production ofa
molecular radical anion (AB-) and fragment or dissociative attachment ion (B-). Two differentresonance
states with energy maxima, c(max)1 and E(max)2 are shown. I.11
products, autoionization (A in figure1.4) within the autoionization
region to give the intact neutral molecule or stabilization by radiative
cooling or stabilizing collisions (S in figure 1.4) to give a stable radical
anion. The smallest energy required to form an anion in any of these
situations is represented by el in the case of the anionic surface leading
to a stable molecular ion and e2 in the case of the dissociative
attachment potential energy surface. This energy is known as the
appearance energy, which, using the Born-Oppenheimer approximation,
can be defined as the difference between the energy of themolecule at
the classical turning point for nuclear motion in the ground state and
the anionic surface lying above it. These transitions must take place in
the region between el and Elb according to the Franck-Condon principle,
which states that an electronic transition takes place faster than the
nuclei can respond.
According to the normal reflection principle,7 the anion yield curve
is essentially a reflection of the Gaussian wavefunction of the ground
vibrational state off the anionic surface. This is not to say that the
dissociative event occurs solely along the purely repulsive potential
energysurface,but canalsoinvolvevibrationalorelectronic
predissocaition or rearrangement of the parent ion before dissociation.
From figure 1.4, we can derive the energy balance for dissociative
electron attachmentAHo = D(A-B)EA(B)
12
(3)
where D is the bond dissociation energy of A-B and EA(B) is the electron
affinity of the B radical. The equation can be written as follows:
E = D(A-B)EA(B) + E (4)
where el < E < Eib in figure 1.4. E represents the excess energy which is
usually divided up between the various degrees of freedom of the
molecule. By combining the two equations above, the following is
obtained:
E." = E AHo (5)
which allows the calculation of the total excess energy of a fragment if
the heat of formation and incident electron energy are known. This
suggests that for a given electron energy one can measure an ion's
kinetic energy, which will give useful information about the distribution
of excess energy in unimolecular decomposition reactions of TNIs. For
example, in the fission of a carbon-chlorine bond to give a chloride ion,
the amount of excess energy carried off by the chloride ion would be
quantifiable. Since the chloride ion has no rotational or vibrational
degrees of freedom, this measurement would give an indication of the13
translational energy carried away by the chloride ion. In addition,
measurement of the appearance energies and translational energies can
be used to derive thermodynamic quantities such as bond enthalpies
and electron affinities.
1.2 Theoretical Challenges in the Study of Gas Phase Negative Ion
Chemistry
An unequivocal theoretical description of the process of electron
capture does not exist at this time. One of the main problems with the
development of an all-encompassing theory of electron capture is that
the quantum mechanical methods that are in widespread use today,
such as self-consistent field (SCF) methods, operate on the Born-
Oppenhiemer assumption that the electronic excitation of a molecule
occurs so much faster than nuclear motion, andtherefore, these events
can be treated separately. This assumption is unrealisticfor the electron
capture process. Examples in theliteratureusing theclassical
treatment of an electron-molecule system demonstrates this quite
clearly.8
To successfully model the capture of an electron by a neutral
molecule, the restriction of noninteraction of the nuclear and electronic
wavefunctionsmustberemoved,andtheBorn-Oppenheimer
approximation discarded. In this sense, the study of negative ions14
represents the "complete" quantummechanical problem, including both
the nuclear and electronic terms inthe description of a molecule.
There are many theories that have beendeveloped to describe the
interactions between molecules andfree electrons. Although it has been
demonstrated above that modem SCFapproaches using the Born-
Oppenheimer assumption cannot adequatelydescribe the problem of
resonance and dissociation,almost all of the theories used to rationalize
these processes involve ab initio methods as abasis for the wavefunction
of a neutral molecule. Of the more recentand widely accepted theories is
the R-matrix approach of Fabrikant.9This theory starts from the
resonance expression forthe R matrix in a fixed-nuclei approximation
, 72 (p) Rk/3)= E+
(8)
where Ee is the electron energy and y2(p) andEi(p) are parameters in R-
matrix theory which can be derivedfrom ab initio calculations. IR, is a
background term that relies weakly on p, theinternuclear distance
relative to equilibrium of the electron and moleculeand Ee.It is usually
assumed that Rr is not dependent on these other termsat all to simplify
the calculations using this input R matrix. This inputmatrix can then
be used tocalculate dissociative attachment cross sections and15
vibrational excitation cross sections that agree loosely with experimental
data.
Chenlo has used a distorted wave treatment to calculate electron
capture cross sections. This method uses a one-center expansion that
gives a Schrodinger equation of the form
1 dyf
+Hjy= (10)
where Iu is the reduced mass of the electronmolecule system and H is
1+ MI + M2
=H +vtotai 20,11+ Al2)j=1
where the total potential energy of the system is Vow' and V21 is the
Laplacian with respect to the internuclear separation.
Recently, Zhan and coworkers have developed a theoretical
treatment of Feshbach resonances using coupled propagator equations.
These Green's function calculations have been shown to give ionization
potentials and electron affinities that agree quite well with experiment.
As applied to Feshbach resonances, this method uses an iterative
approach that treats the decaying resonance state as if it were a
stationary state.16
While the studies mentioned above have sought to bring forth a
rigorous mathematical interpretation of the capture of a free electron by
a neutral molecule, the most successful interpretations todate involve
the coupling of popular ab initio SCF methods with minor assumptions
that allow the successful interpretation of negative ion resonance states.
At the cornerstone of these studies that bridge modern SCF methods
with negative ion resonance states is Koopman's theorem, which states12
that the wavefunction for a molecule obtained by removing one electron
from an occupied orbital or by placing an electron into a vacant orbital
in a Hartree-Fock wavefunction,isstable with respect to any
subsequent variation in either of the two orbitals. Based on this
theorem, the energies of virtual orbitals calculated using flexible basis
sets in ab initio calculations can be related to the electron affinities of
the parent molecules and the negative ions produced from them.
Chen13 and Staley14 have developed an empirical relationship
between the virtual orbital energies and the appearance energies of
negative ion resonance states based on Koopman's theorem. In the first
study, Chen derived a linear equation using the 6-31G* basis set and
experimental data on molecular hydrogen, molecular nitrogen, ethylene,
cyclopropene and cyclobutene,:
Evo = 1.31Eexp +2.33(eV) (12)17
where Evo is the energy of the virtual orbital and Ems, is the experimental
electron energy.
A more thorough study was undertaken by Staley and co-
workers" which involved the calculation of orbital energies of over thirty
compounds that have reported negative ion electron attachment
energies in the literature. In this investigation STO-3G, 6-31G, 6-311G
and D95 basis sets, including all possible permutations of these basis
sets with diffuse and polarization functions were used. The results from
this exhaustive study showed that calculations involving negative ion
states are best performed with the D95 basis set, as it contains just the
right amount of "diffuseness". Basis sets that do not contain diffuse
functions were found to be too rigid, while the addition of diffuse
functions to the 6-31G* basis set (6-31+G*) were found to be too diffuse,
eventually leading to variational collapse of the calculation. It was also
determined that polarization functions have no effect on the quality of
the calculation for molecules that do not contain electrons in d orbitals
in their electronic ground state.
The empirical regression line for the fit of electron attachment
energy versus virtual orbital energy varies as the basis set used in the
calculation is changed. The best r2 value was obtained for the
HF/D95//MP2/6-31G* calculation.
Specific theoretical treatments of Feshbach resonances versus
shape resonances are almost nonexistent. This is partially due to the18
fact that while electron transmission experiments arerelatively easy and
inexpensive to perform, they do not differentiatebetween the two types
of electron capture events. Electron attachment experimentsnot only
require the use of a mass selection device, butfewer compounds form
long-lived negative ions derived from Feshbach resonancesthan with
shape resonances (vide infra).
1.3 Techniques for the Study of Gas Phase Negative IonChemistry
There are two main techniques in modern use for the study of gas
phase negative ion chemistry with epithermal electron energies, namely
electron transmission spectroscopy (ETS) and electron attachment
spectroscopy (EAS). Both use the trochoidal electron monochromator,
which was originally designed for this type of use by Stamatovic and
Schulz.15 The electron monochromator is a device that uses a crossed
electric and magnetic field to disperse electrons according to their
energies and select them by their time of flight, thereby providing a
beam of nearly monoenergetic electrons. The operating principle of the
electron monochromator is shown in figure 1.5. Electrons produced by a
conventional filament enter the crossed field region along the Z axis,
parallel to the magnetic field with an electric field applied perpendicular
across the Y axis. This arrangement was first used in a practicalfashion
by Bleakney and Hipple16 to mass select charged particles. The motioneV =1/2 my: = es D = vd(tof)
tof=L/vo
c=m/2e (EL/BDY
Figure 1.5 -Operating principle of the trochoidal electron monochromator. Electrons are energy
selected because they describe different types of trochoidal trajectories in the plane parallel to
the magnetic field (B). The electron's time of flight through length L is determined by thisdrift
velocity. When an electron enters the crossed field region, it drifts in a direction perpendicular to
both fields. Offsetting the entrance and aperture holes allow electrons of a specific energy to pass
through. Energy width is typically 0.1 eV at 10-8 A of beam current.20
of charged particles in any configuration ofelectric and magnetic fields
is described by the Lorentz Force Law asfollows.'?
dv0
=
dt-(1{E+ (vo x 1
m
(13)
where vo is the incident electron velocity, eand m are the charge and
mass of the electron, respectivelyand E is the electric field strength and
B is the magnetic fieldstrength. The electron monochromator's
configuration of fields has no force components acting inthe direction of
the magnetic field, so the velocities of the electrons inthe Z direction are
uniform. We can then write an expression for thevelocities of the
electrons in the X direction,
(E x B)
vd B2
(14)
which is derived from Gauss' Law (F = -eE), Oersted's Law(F = ev X B)
and Newton's Second Law (F = ma). This velocity then governs energy
selection by displacing electrons with velocity vd a distance (D infigure
1.5) within the crossed electric and magnetic field region of a specific
length (L in figure 1.5), thereby separating electrons by their timeof
flight across the crossed field region. The energy of the electrons that21
emerge from the aperture at the end of the monochromator can then be
described mathematically as,
mr EL )2
62e BD)
(15)
whereeistheenergyoftheelectronsemergingfromthe
monochromator.
The current physical design of the electron monochromator used
at Oregon State University (Figure 1.6) is based on that of Illenberger, et
al.,18 and refined by Deinzer, et al.19 This monochromator has been
interfaced to a quadrupole mass spectrometer and a gas chromatograph
(Figure 1.7) to allow for the rapid analysis of negative ions and their
fragments.
1.4 Recent Work Using the Electron Monochromator - Mass
Spectrometer System
The most popular use of the electron monochromator is in
electron transmission spectroscopy,2° which involves measuring the
electron capture cross sections for molecules. Put simply, a molecular
beam is passed through the electron monochromator, and the difference
in electron current at the collector electrodes of the monochromator is
measured as a function of the electron energy. This technique gives totalion extraction reaction chamber
optics
deflection
region
electron
collector
electrodes
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exitrepeller
vd lenses
V-<ollimatingand
filamentfocusing lenses
Figure 1.6Schematic illustration of the trochoidal monochromator ion source used in the
electron capture experiments described in this work.Computer
Pulse
Counting
Detector
Quadrupole
Mass Filter
EM Ion Source
Heated Transfer Line
Solids
Probe
HP Gas Chromatograph
Figure 1.7Schematic illustration of the EMMS system.24
electron capture cross sections with no mass resolution and gives
information primarily related to the shape resonances of a molecule.
There are many fewer examples of the electron monochromator
being used in mass spectrometric studies. In this type of study, a
temporary negative ion is formed in the ion source of a conventional
mass spectrometer using an electron monochromator as the source of
ionizing electrons, and then is mass analyzed by drawing the molecular
ion and any fragment ions formed by dissociative attachment out of the
ion source using conventional ion extraction optics. Molecular ions
produced by shape resonances cannot be observed using this technique
due to their short lifetimes ( -10-13 seconds) in comparison to the time of
flight of an ion from the ion source to the detector of the mass
spectrometer ( -10-6 seconds). Molecular anions produced by Feshbach
resonances, however, can be observed by this technique, along with any
fragments produced. Far fewer compounds are amenable to this type of
study in comparison to the first, because there is a much smaller range
of compounds that meet the requirement of having a long-lived
molecular anion.21
Recentworkusingtheelectronmonochromator-mass
spectrometer system includesIllenberger's work on gaseous and
condensed phase molecules.22 These extensive studies have involved the
probing of molecules in various degrees of aggregation and the effect
that this has on the negative ion resonances of these molecules. It has25
been observed that molecules that do not normally give negative ions
but can be observed on the mass spectrometric time scale in the gas
phase give these ions readily when in the condensed phase, presumably
due to collisional stabilization that can cool newly formed negative ions,
thereby increasing thier lifetimes.
Burrow and co-workers23 have used an electron monochromator
mass spectrometer system to study dissociative attachment in a variety
of molecules with an emphasis on understanding the electron capture
cross sections of these molecules and its relation to molecular structure.
Recently, Dr. Max Deinzer and Dr. Jim Laramee at Oregon State
Universityhave beenusingthemonochromatortoinvestigate
compounds of environmental relevance.Initial experiments24 were
carried out on a variety of environmental compounds including
chlorinated pesticides, dioxins and s-Triazine Herbicides. Later studies
included the interfacing of a gas chromatograph25 with the electron
monochromator.Organophosphatepesticideshavealsobeen
investigated.26
1.5 Physical Specifications of the Electron Monochromator
The electron monochromator used for this work is based largely
on the design of Illenberger.27 A rhenium filament (Figure 1.6) produces
electrons, which are focused and collimated into the deflection region. A26
potential across the two hemispherical poles in thedeflection region is
combined with a perpendicular magnetic field, which isproduced
outside the monochromator. The electrons are deflected inthe cross-
field region at an angle, which is dependent on theirelectron energy.
Electrons of a very small energy spread pass through a hole inthe first
exit lenses and are then guided into the reactionchamber, where they
impact molecules of sample and form ions. The ions areextracted from
the ion source using a repelling voltage and make their way tothe
quadrupole for mass analysis via traditional ion extraction optics.
Directly across from the exit lenses lie three electron collectorelectrodes,
which can be used to measure the electron current passingthrough the
ion source. Electron transmission experiments could alsobe carried out
using these lenses.
This monochromator was fitted into a Hewlett-Packard5982A
quadrupole mass spectrometer. Sample introduction is by direct probe
or by gas chromatographic introduction using aHewlett Packard 5710A
gas chromatograph (Figure 1.7). Ions produced within the source are
then mass selected using the quadrupole mass analyzer and impact a
Spiraltron (De Tech,Inc.) pulse-counting detector. Pulses from the
detector are then stored in a multichannel analyzer within a personal
computer.27
2. Organophosphates
2.1 Historical and Environmental Significance
Organophosphates are a class of compounds that were first
introduced into modern industry in the early1900's, mostly as
lubricants for heavy machinery. It was around this time that their
potent neurotoxicity became apparent. In the middle of the century,
during World War II, German scientists seeking new synthetic pesticides
to replace the dwindling supplies of natural materials discovered that
certain phosphoric esters were potent inhibitors of acetylcholinesterase,
and therefore useful as pesticides. From World War II to the late 1970's,
organophosphate research was not only undertaken by the agricultural
industry, but also by the military,28 which sought to use this technology
as weaponry. During this time, thousands of different phosphate esters
were synthesized yielding many of the pesticides still in wide use today.
Organophosphates have a distinct advantage over earlier pesticides in
that only small amounts need to be applied and that they are not
environmentally persistent. However, recent studies29 have shown that
organophosphatesdisplay more thansimpleacetylcholinesterase
inhibition, and may be carcinogenic as well. There is also great concern
about the exposure of agricultural workers and the effects of long-term28
exposure. There has also been a publicconcern with pesticide levels in
consumer agricultural goods.
As the toxicity of organophosphatescan be predicted quite well
based on their structures,30techniques that can rapidly identifyvarious
organophosphates are needed. Inaddition, insight into themolecular
propertiesofthesecompoundsgivesinsightintothevarious
toxicologicalpropertiesofthesemolecules.Theelectron
For Y=S,
X =MeO, Me, H, Br, F, CI, I, CN, NO2
For Y=0
X=Me, I, CI, Br, NO2
Figure 2.1- Series of organophosphatesstudied whose gas phase
negative ion chemistrywas studied with the electron
monochromator-mass spectrometersystem.
monochromator-mass spectrometer iscapable of fulfilling both needs,as
will be shown in this study.
A series of thirteen organophosphateswere synthesized for this
study using classical methodologies.31All compoundsare derivatives of
thepesticides,parathionandparaoxon;someofthefirst
organophosphates to be used widelyas agricultural insecticides (Figure
2.1). The para-nitrogroup on the aromatic moiety of parathionand
paraoxon was replaced with a series ofelectron withdrawing and29
releasing substituents. The naming convention in this report will follow
the convention of placing the name of the substitution that replaces the
nitro group of parathion or paraoxon in front of the name of the parent
molecule. As an example, the nitro group of parathion was replaced with
achlorine,andtheresultantmoleculeisreferredtoas
"chloroparathion ".The purpose of the chlorine substitution, as an
example, was to perturb the electronic structure of the molecule in a
way that could be related to the empirical Hammettsubstituent
constant32 and to investigate the effects of a minor electronic change on
a large molecule.
2.2 Linear Free Energy Relationships
Clearly, the phosphate esters studied here resemble the original
ethyl benzoate molecule used in the original Hammet experiment. A
Hammett correlation for this series of molecules should give insight into
the electron capture process and the factors that affect it.
It is important to note that Hammett correlations do not require
that the phenomenon under study necessarily resemble a "classical"
reaction, whereby a substrate and analyte meet to form some new
species. Hammett correlations have been found for many other chemical
phenomena, including NMR chemical shifts,33 ionization potentials34
and infrared stretching frequencies.30
2.3 The Electronic Structureof Organophosphates
To understand the behaviorof these molecules under electron
capture conditions, it is necessaryto be familiar with theirelectronic
and nuclear structures. Modelstudies on organophosphates have been
limited, with most literature studiesinvolving biological phosphates.35
With the large d orbitals presentfor sulfur and phosphorous,
computation on molecules ofthis size becomes extremely expensive.
Nevertheless, if one is to correctly model theelectronic structure of these
species, large basis sets andconsideration of electron correlation are
absolutely necessary.36 Calculations wereperformed on eight of the
parathion derivatives at the B3LYP/6-3 1G*/ /HF/6-3 1G* level of theory.
Polarization functions in the geometryoptimization36 allow for a realistic
description of n-d type bonding, whileelectron correlation gives an
accurate description of the electronicstructure of the molecule relative
to electron capture phenomena.37
Ab Initio self-consistent field calculationshave been employed by
several groups to help correlate and assignresults from electron capture
measurements in electron transmissionexperiments.38 Chen and
Gallup39 have demonstrated how Koopman'stheorem49 can be used to
predict the negative ion resonance energiesof molecules and to correlate
resonances with the virtualorbitals of molecules.31
Koopman's theorem states that the wavefunction obtained by
removing an electron from an occupied orbital or adding an electron to a
virtual MO in a Hartree-Fock wavefuntion is stable with respect to any
subsequent variation in either of the orbitals. It is not necessarily true
that these orbitals are the best description of the anionic wavefunction,
but Koopman's theorem provides a model that allows us to approximate
the wavefunction of a molecule that has had an extra electron added.
Recently, Staley and Strnad41 have used Koopman's theorem in a
systematic study of a series of electron-capturing compounds, involving
several popular SCF basis sets. In this approach, the experimental
attachment energy is scaled to the energy of the appropriate SCF virtual
orbital energy (evo). The attachment energy is given by:
AE = msvo + b (4)
This approach was successfully applied to a wide range of
experimental attachment energies. As electron correlation was not
employed in this study, none of the empirical relationships were
applicabletothetypeofcomputationperformedonthe
organophosphates in this study. Therefore, an empirical relationship
was established using several negative ion resonance attachment energy
values42 reported in the literature. Calculations were performed at the
B3LYP/6-31G*/ /HF/6-31G* level of theory, and a correlation was32
obtained between the virtual TC orbitals of themolecules and their
negative ion resonance energies (Figure 2.2,Table 2.1). This relationship
should be valid for similar molecules, which has beendemonstrated
recently in this laboratory (work in press). The virtualorbitals of the
organophosphates calculated at the B3LYP/6-31G*/ /HF/6-31G*level of
theory can be corrected using this empirically determinedrelationship,
since they contain structural features that are similar tothe model
compounds used.
2.4 Gas-phase Negative Ion Spectra of OrganophosphatesProduced
by the EMMS System
Spectra of organophosphates were produced using the EMMS
systemthat are rich in fragmentation and chemical information
(Figures2.3 2.16).Thespectraplottedthreedimensionally
immediately reveal the profound effect of systematic substitution on the
aromatic ring of these compounds under electron capture conditions
(Figures 2.17 - 2.19).
2.4.1 Molecular Anions
All of the parathion derivatives studied yielded molecular ions
under the gas phase electron capture conditions of the EMMS system as
well as in the traditional gas-moderated NCI experiment. Comparison of33
Calculated Orbital Energy
Figure 2.2 - Electron attachment energies versuscalculated
virtual orbital energies for aromatic compounds(Table 2.1)
used to produce a scaling relationship for calculated
attachment energies.34
Table 2.1Experimental and calculated electron attachment
energies and calculated virtual orbital energies for aromatic
compounds used to produce a scaling relationship for calculated
attachment energies (see Fig. 2.2).
Compound Experimental
AE (eV)
Predicted
AE (eV)
Calculated TC
orbital energy
(eV) B3LYP/6-
31G*/ /HF/6-
31G*
Benzonitrile 0.58 0.63 -0.60519
2.5 2.14 4.674412
Benzene 1.07 0.85 0.165719
4.88 4.92 14.33427
Chlorobenzene 0.825 0.72 -0.26999
1.74 1.87 3.751666
4.59 4.28 12.11407
Phenol 0.883 0.96 0.576342
1.69 2.18 4.808837
4.85 4.90 14.26896
Styrene 0.25 0.59 -0.71648
1.05 1.26 1.63433
2.48 2.23 4.954148
4.67 4.84 14.03657
Toluene 1.19 0.85 0.171161
4.89 4.88 14.20038S
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the molecular ion resonance energies of the organophosphates with the
LUMO energies scaled using the empirical relationship
A.E. = (V.O.E *0.28766) + 0.799675 (5)
shows remarkably good agreement (table2.2). All predicted
values are within experimental error of the actual values. This would
suggest that electron capture to form the molecular negative ion involves
the LUMO. Inspection of the LUMO of protoparathion (Figure 2.20)
shows this orbital located on the aromatic ring of the organophosphate.
The organophosphate with the most electron withdrawing substituent,
parathion, shows the lowest attachment energy value for production of
the molecular ion and the LUMO located upon the aromatic ring (Figure
2.20).Theorganophosphatewiththemostelectronreleasing
substituent, methoxyparathion has the highest attachment energy value
and also shows the LUMO located upon the aromatic ring (Figure 2.20).
Interestingly, there appears to be a relationshipbetween the
attachment energy values of the molecular negative ions and the
Hammettsubstituentconstantsfortheparasubstituted
organophosphates (Figure2.21).This relationship appears to be
composed of two lines with different slopes. The first line includes
methoxyparathion,methylparathion,protoparathion,andthe
halogenated parathion derivatives. The second includes the electron53
Table 2.2Comparison of experimental attachment energies for
organophosphate molecular ions versus orbital energies predicted using
Koopan's theorem and the linear scaling relationship established in
Figure 2.1.
,* Ip.energy
of, -s
X=
Calculated LUMO
at B3LYP/6-
31G*//HF/6-31G*
Predicted
AE (eV) (a)
Observed AE
(eV)
Br -0.57797 0.63 0.66
Cl -0.58233 0.63 0.67
CN -1.36902 0.40 0.31
F -0.50097 0.65 0.69
Me -0.19756 0.74 0.79
OMe -0.29116 0.71 0.72
NO2 -2.23271 0.15 0.24
H -0.22259 0.73 0.71
(a) AEpred = (0.2876660eve) + 0.799675Parathion Protoparathion Methoxyparathion
Figure 2.20Isosurfaces representing the lowest unoccupied orbitals of parathion,protoparathion
and methoxyparathion. The isosurface value for protoparathion andmethoxyparathion is 0.03 and
oi the isosurface value for parathion is 0.06.-0.4 -0.2 0.0 0.2 0.4 0.6
Hammett Substituent Constant
0.8 1.0
Figure 2.21Hammett substituent constant versus molecular ion vertical attatchment
energies of Parathion and derivatives. The change in slope of the correllation line
indicates a fundamental change in the process of electron capture.56
withdrawing nitro and cyano groups with the crossoverof the two lines
occurring at the point that contains theiodoparathion resonance. This
Hammett relationship has precedent as an earlierstudy43 showed a
similar change in p value (slope of the plot) for gas-phaseacidities of
para-substituted anilines.
The change in the slope of the line relating the Hammett
substituent values with the electron capture energies for this seriesof
substituted molecules indicates that there is a fundamental change in
the electronic properties of the molecules as the substituents become
more electron withdrawing.Inspection of the lowest unoccupied
molecular orbitals (LUMOs) of these molecules mapped onto the total
charge densities44 provides insight into the location of electron orbital
densities in these molecules (Figure 2.22). The coloring on the surface
indicates areas on the total charge density surface where the molecular
electrons are most likely to be bound to the molecule at some fixed
isocharge. Red and violet indicate an area of highest orbital density
while green indicates areas of lowest orbital density. These types of plots
have traditionally been used as indicators of reactive sites in molecules.
As an example, this type of analysis has been used to study nucleophilic
addition to alpha, beta unsaturated compounds.45 Areas that are red
and violet (indicating high orbital density) when the LUMO is mapped
onto the total charge density indicate areas that are susceptible to
nucleophilic attack. In the context of this study, these red and violet.*.
so.
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Figure 2.22Isosurface (value = 0.2 A) of electron density for the
LUMOs of Parathion and Parathion derivatives. The site of lowest
charge density (red) is located on the substituents in the case of
parathion and cyanoparathion while substituents on other molecules
are neutral (green).58
sites indicate the area where the captured electron has the highest
probability of becoming localized in the molecular ion.
Inspection of the LUMOS mapped onto the total charge density
shows that for line A (Figure 2.21), these compounds will most likely
capture an electron directly into the TE framework of the aromatic ring.
The it framework of the aromatic ring is perturbed by the presence of the
substituent, but the captured electron is least likely to reside at the site
of the substituent. Inspection of the orbitals of the cyanoparathion and
parathion molecules (Figure 2.22) which form line B (Figure 2.21)
indicates that the site of lowest charge density is located directly on the
substituent of the molecule. The captured electron is then most likely to
reside directly on the site of the substituent.
Further evidence for the change in the site of electron density may
be found in the p values for lines A and B. The slope of the line (p) in
these relationships is an indication of how much a reaction is perturbed
by the substitution of different groups on the aromatic ring.46 The slope
for line A is -0.70, while that for line B is -0.82. This indicates that the
electron capture process by compounds forming line B is more
profoundly affected by the substitution of successively more electron
withdrawing groups. This is logical because the substitutionappears to
have a direct involvement in the electron capture process for compounds
that correlate with line B, while the constituents that give rise to line A
are not as directly involved. Their attachment energies would be59
expectedtobelessprofoundly impacted by a change inthe
electronegativity.
The halogens sit well on both lines. These molecules may
represent the crossover point for the localization of charge density
between the aromatic ring system and the substituents. Halogens retain
electron donating ability by resonance effects but are also electron
withdrawing by inductive effects. Since their Hammett constants are
closer in value to the electron donating substituents, it is more likely
that they capture an electron through a mechanism similar to that of
the electron donating substituents (See fig. 2.21). The higher the a
value,themoreelectronwithdrawingasubstituent.60
2.4.2 Common Fragment (M-Et)-
A common fragment observed forall the organophosphates
studied is loss of an ethyl radical (Scheme 2.1).
-1-e"
+
Scheme 2.1Formation of (M-Et)- anions in organophosphates.
Electron capture occurs into the aromatic pi system, followed
by transfer into the sigma framework located on the ethoxy
moiety. Bond cleavage is followed by electronic rearrangement to
give the product ion.
Formation of the (M-Et)- ion occurs at electron energies that are
typically higher than the molecular negative ion resonance energies
(Table 2.3). Two of the thions, methylparathion and methoxyparathion,
show electron capture only from high energy resonance states. The
oxons also produce fragments from states that are higher than those for61
Table 2.3Comparison of attachment energies required to
produce the (M-Et)- ions in the gas phase negative ion spectra
of organophosphates and the attachment energies required to
form the molecular negative ion.
0, i
6 s
)
X=
Molecular Ion
AE (eV)
AE for production
of (M-Et)-
Br 0.66 0.92
2.78
Cl 0.67 0.89
2.40
CN 0.31 0.44
2.33
F 0.69 0.69
2.72
Me 0.79 2.61
OMe 0.72 2.83
NO2 0.24 0.41
1.50
H 0.71 1.09
2.73
Paraoxon (a) 0.18 1.45
(a) see figure 2.1 for structure62
the molecular negative ion resonances(e.g. paraoxon). If theelectron
energies required toform the ethyl radical andanionic fragment are
plotted versus the Hammettsubstituent constants, acorrelation is
apparent (Figure 2.23).This correlation has acoefficient of 0.99.
fluoroparathion does not correlatewith the other parathionderivatives.
Fluoroparathion is also the onlycompound that has an electron energy
maximum for the productionof this ion at preciselythe value of its
molecular ion attachment energy,indicating that capture toform this
fragment may involve the exact sameorbital as that producingthe
molecular ion.
Inspection of the orbitals ofthe other molecules and correctionof
the orbital energies usingthe Koopman's theoremlinear scaling
relationship forB3L'YP/6-31GV/HF/6-31G*, suggeststhat capture of
the ionizing electronfor ethyl radical loss involvesthe LUMO +1 for
organophosphates with substituentsthat lie on the Hammettcorrelation
line(Figure2.24,figure2.25). The molecular orbitalsfor these
components have both alarge it* component andsubstantial a*
component located on theethoxy oxygen. The orbitals areoriented to
permit efficient overlap ora*-it* mixing.
We would expect the aromaticsubstituents to play a role in the
energy required toform this state by lowering or raisingthe energy
required to form the parent it* state.Fluoroparathion does not correlate
because the fragment isformed from a lower energy state(LUMO)1.2
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Figure 2.23Relationship between Hammett substituent
constants and electron attachment energiesrequired to
produce (M-Et)- ion under EMMS conditions.
1.06*-7c* overlap
Figure 2.24Schematic description of the a*-n* overlap that leads to fragmentation
of the carbon-oxygen bond of the ethoxy moiety in the gas phase negative
ion chemistry of organophosphates.6*-7C* overlap 45*-TC* overlap
LUMO +1 of FluoroparathionLUMO of FluoroparathionLUMO +1 of Parathion
Figure 2.25Molecular Orbitals responsible for the formation of It* states that leadto ethyl
radical production. The a* orbital on the ethoxy fragment is placed parallelto the pi
system, allowing for maximum overlap. The LUMO +1 of Fluoroparathion, which isnot
involved in the production of the ethyl radical is included in this figure forcomparison.66
although it shows the same a*-1r* overlap asfor the other compounds.
The electron energy required to formthe fluoroparathion fragment is
lower than would be predicted bythe Hammett regression line,
consistent with the idea that thestable molecular radical anion and the
(M-F)- ion are produced from the same state.This assumption could be
tested using an MS-MS experiment,where the parent molecular ion
could be isolated and the presence of thesuspected daughter ion could
be investigated.
The higher resonance states (Table 2.3)possibly correspond to
orbitals with significant a*-7c* mixing. Theorbital energy levels in these
molecules are closely spaced, so that thehigher energy resonances are
consistent with over a wide rangeof high lying virtual orbitals (LUMO
+22 to LUMO +30). The Lumo +28 ofmethylparathion (Figure 2.26) is
representative of the type of orbital thatcorresponds to the electron
energy to produce thisfragment. It is heavily a* in character with a large
n* contribution localized on thephosphorous-sulfur bond. The high
electron orbital density in this region of the moleculewould cause the
captured electron to be concentrated in this part of hemolecule as well.
After capture of the electron, creating a e-a* statethe electron
eventually ends up in the sigma framework, causingcleavage of the
ethoxy group's carbon-oxygen bond. The small energy rangeof the
higher electron energies required to produce this fragment isdue to the
fact that little of the orbital character comes from the aromatic ring, so67
Figure 2.26 Lumo +28 of Methylparathion. The incident electron is
captured into a pi orbital centered on the phosphorous atom,
followed by transfer into the sigma orbital located on the ethoxy
group followed by cleavage of the oxygen-carbon bond.68
substituents would not be expected to play a role in this fragmentation.
Since the phosphate group for each organophosphate molecule is
identical, the substituent on the aromatic ring has little, if any, affect on
the ethyl group, and the energy of the electrons necessary for this
cleavage. This phenomenon is observed for the parathion derivatives,
but apparently not for the paraoxon derivatives. Since only two of the
oxons, paraoxon and methylparaoxon, yield the ethyl radical fragment,
itis not possibleto draw any conclusions about this reaction
mechanism.
2.4.3 Common Fragment (M-X-Et)-
The remaining three paraoxon derivatives lose their aromatic
substituent before losing the ethyl radical. Only iodoparathion within
the organophosphates seems to lose the iodine, before loosing the
ethoxy group. There is not a single fragment that contains an iodine
atom in the spectrum of iodoparathion, because loss of the iodine atom
occurs before any other fragmentation (Figure 2.3). Two of the other
halogenated species, chloroparathion and bromoparathion form similar
species after loss of a halogen atom as well as forming the (M-Et)- anion.
Itisnotclear what pathway brings about thisfragment,as
iodoparathion and bromoparathion both show not only (M-Et-X)-, but69
(M-Et)- and X- indicating there are competing pathways for production of
these ions (Scheme 2.2).
The halogen anions for bromoparathion and chloroparathion are
at 0.89 eV and 1.02 eV respectively. The two orbitals that correspond to
theseenergies(calculatedresonanceenergiesare0.84 eV for
+e-
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Scheme 2.2Ions formed in the gas phase negative ion spectra of
organophosphates. These ions must arise from competing reaction
pathways.
bromoparathion and 1.01 eV for chloroparathion, both LUMO +2) show
a large amount of sigma antibonding character for the phenylic halogen-
carbon bond (Figure 2.27). The paraoxon derivatives, bromoparaoxon
and chloroparaoxon show similar energy requirements for the formation
of the halogen ions (0.88 eV for the bromide anion and 0.88 eV for the
chloride anion). The energies required to form the (M-Et-X)- fragmentsFigure 2.27 LUMO +2 of bromoparathion and chloroparathion.71
are slightly higher for the paraoxon derivatives, indicating that there
may be some participation of the atom n-bound to the phosphorous.
An unequivocal way to test which fragment yields the (M- Et -X)-
fragment would be to perform an MS-MS experimenton a triple
quadrupole or reverse geometry magnetic sector instrument. Selection of
the (M-Et)- ion would then indicate if this ion were the parent ion for this
fragmentation.
2.4.4 Formation of Thiophenolic and Phenolic Anions
Several of the parathion derivatives exhibit formation of phenolic
and thiophenolic fragments under electron capture conditions in the
EMMS system. The thiophenolic fragments must be formed aftersome
kind of rearrangement reaction (Scheme 2.3).
The energies required to form these fragmentsvary over a
significant range (Table 2.4). Formation of the thiophenoxideanion can
occur through a rearrangement reactioninvolvingaspiro-type
intermediate via pathway A (scheme 2.3). Formation of the phenoxide
anion can occur via pathway A or through simple cleavage through
pathway B. Two observations supporta mechanism through pathway B
for sole production of the phenoxide ion. First, bromoparathionand
iodoparathion show the production of only the thiophenoxideradical
anion after losing the halogen atom (see pathway C in scheme2.3).B
+x-
of
Scheme 2.3Hypothetical mechanism for the formation of phenoxyand
thiophenoxy anions in organophosphates.
X73
Table 2.4 Attachment energies (AE) required to form phenoxy
and thiophenoxy ions observed in the spectra of
organophosphates under electron capture negative ion
conditions.
AE (-0-Ar) (eV) AE (-S-Ar) (eV)AE (-S-Ar-X) (eV) .
Y=0 or S
X=
Br n/a n/a 0.88
Cl 1.18 0.80 n/a
3.12 1.40
5.91 1.87
CN 0.49 0.40 n/a
1.10
5.2
F 1.40 0.42 n/a
2.90
Me n/a 0.63 n/a
OMe 0.52 n/a n/a
NO2 0.80 n/a n/a
2.57
4.31
I n/a n/a 0.60
H n/a 0.68 n/a74
Since the molecule would have to go through a spiro-type intermediate
(A in scheme 2.3), we would expect to see not only production of the
thiophenoxide radical anion but also the phenoxide radical anion
regardless of whether the halogen was lost either before or after
formation of the intermediate.
The second indication that the phenoxy anion is produced only
through simple cleavage is the fact that the resonance energies for
phenoxide ion production are higher than that of the corresponding
thiophenoxide anions. Because bond formation is taking place as other
bonds are cleaved,the electron energy required to produce the
thiophenoxy anions would be expected to be lower.47
2.4.5 Formation of Phosphate and Thiophosphate Anions
Phosphate and thiophosphate anions were produced in the
electron capture negative ion spectra of all compounds and were
X+e- -y z("-C)
-lib-it%
-Y, P///p
o..-^,..
Scheme 2.4Cleavage mechanism for production of m/z 169 ion
for Y=S and m/z 153 ion for Y=0 under electron capture
negative ion mass spectrometric conditions.75
frequently the most intense ions. These anions are produced over a
relatively broad energy range (0.63 eV4.91 eV, see table 2.5). The
mechanism of production of these ions most likely involves a simple
carbon-oxygen cleavage of the phosphorous-oxygen bond connecting the
aryl and phosphoryl portions of the molecule (Scheme 2.4) after initial
electron capture into the TC orbitals concentrated on the phosphorous-
oxygen moiety.
When a plot of the lowest attachment energy values for m/z 169
production from the parathion derivatives is plotted versus the Hammett
substituent constants for the substitutions on the aryl ring, a loose
correlation is observed (Figure 2.28, r2=0.82). If electron capture is
occurring into a TC orbital on the phosphorous to form a itstate, then a
strong correlation would not be expected, since the it orbitals of the
phosphorous-sulfur bond are not indirect conjugation with the
aromatic ring, and should not be strongly affected by substitutions
made on a distant part of the molecule. Nevertheless, it could be argued
that there is a relationship between the substituent effect and the
resonance energies based on this graph, albeit a small one. This is most
likely due to the overall molecular orbital energy lowering effect of the
substitution of the aromatic ring. Since a molecular orbital is nota
localized entity, but is distributed across the entire molecule, a portion
of a molecule that is distant from the reactive sitecan still play a role in
the overall reactivity of the species.76
Table 2.5 Attachment energies required to form the phosphate and
thiophosphate anions of organophosphates under gas phase negative
ion conditions.
ry
0, 7"./P,-y0
2Parent
molecule aromatic
substituent =
AE for m/z 154
ion production
(Y=0 only) (eV)
AE for m/z 169 ion
production (Y=S
only) (eV)
Br 1.09 0.63
1.6
Cl 0.98 0.76
1.22
4.91
CN n/a 0.38
F 1.06
2.94
Me 1.70 1.32
OMe n/a 1.33
3.15
4.31
NO2 0.91 0.73
3.94 0.95
3.85
H n/a 1.51
I 0.76 0.66
4.33 4.5677
-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Hammett Substituent Constant (a)
Figure 2.28Relationship between Hammett substituent
constant and the attachment energy required to produce
the thiophosphate fragments from organophosphates under
electron capture negative ion conditions.78
Inspection of the molecular orbitals that correspond to the
productionofthephosphateanionsupportthismechanistic
interpretation (Figure 2.29). Using Koopman's theorem adjusted by a
linear scaling relationship discussed above, the LUMO +3 is found to
correlatewellwiththeresonancesformethylparathionand
chloroparathion (methylparathion m/z 169 resonance =1.32eV;
calculated LUMO +3 = 1.36 eV and chloroparathion m/z 169 resonance
= 1.22 eV; LUMO +3 = 1.23 eV). The plots of the molecular orbitals (A
and C in figure 2.29) show large overlap between the n* orbital on the
phosphorous-sulfur section of the molecule and the a* orbital of the
oxygen-phosphorous bond that joins the phenoxy fragment to the
phosphorous atom (Figure 2.30). Isosurface electron density maps of the
LUMO +3 (B and D in figure 2.29) show the highest probability (red and
violet are highest with green being lowest) for electron capture located
on the phosphorous atom. This same orbital configuration is observed
foralltheorganophospahtesstudiedwiththeexceptionof
iodoparathion, cyanoparathion and bromoparathion, which produce this
ion at the same energy that produces the molecular ion (Table 2.5).
Iodoparathion even produces the m/z 169 ion at the same higher energy
state as the molecular ion (Table 2.5). The LUMO of cyanoparathion,
which corresponds to the orbital that produces the molecular negative
ion state, has a large amount of sigma character on the aryl-oxygen
bond (Figure 2.31) indicating that fragmentation from this itresonancecy*-n* overlap
x
Figure 2.30Schematic illustrationofa*-n* mixing in virtual orbitals from
which phosphate anions are produced after low-energy electroncapture.t)
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Figure 2.31 LUMO of cyanoparathion. This virtual orbital
contains a high degree of s*-p* mixing which indicates that
the M/Z 169 fragment could be formed from the same
resonance state as the molecular ion.82
state may be possible. The LUMO of bromoparathion does not have this
feature, but the LUMO +1 does have a large amount of sigma character
on the aryl-oxygen bond (Figure 2.32) indicating that orbital mixing
between the LUMO and LUMO +1 (energy difference = 0.04 eV) may be
operative in formation of this fragment.
Iodoparathion not only shows the production of the ion with m/z
169 at the same electron attachment energy as the molecular ion but
shows production of most of the fragment ions from the same electron
attachment energy around 0.60 eV (See figure 2.3). It is very likely that
the iodine has some special role in the electron capture process,
regardless of high electron density probability found in the molecule.
Interestingly, the only fragment ion produced in the spectrum of
iodoparathion that does not originate from the same state as the
molecular negative ion is that for the production of the iodide anion
(Lowest electron attachment energy= 0.26 eV). Clearly, MO calculations
would be of great benefit to study this molecule. An experimental
approach that would clarify the origins of these other fragments would
involve MS-MS experiments, whereby the molecular ion could be
isolated, and all daughter ions originating from this metastablespecies
could be recorded.
Several of the organophosphates also show production of the
thiophosphate ions at relatively high electron energies (-4.5 eV).
Interestingly, the orbitals (-LUMO +48) that correspondto these83
Figure 2.32 LUMO +1 of Bromoparathion. This virtual orbital
contains a high degree of a*-n* mixing which could account
for the production of the m/z 169 anion in the gas phase
negative ion spectra of bromoparathion.84
energies contain a large amount of d orbital character on the
phosphorous atom, and are the lowest energy virtual orbitals with d
character(Figure2.33),suggesting that thiophosphate ionsare
produced from states with a high degree of d orbital character that can
mix efficiently with the a* orbital associated with the phenoxy bond.
2.4.6 Other Fragments
A weak ion produced in many of the organophosphate spectra
corresponds to loss of an ethoxy group, or loss of an exthoxy group and
0-P\
0
O-P
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Scheme 2.5Structures of ions formed in the gas phase negative ion
spectra of organophosphates that may arise by competing or stepwise
mechanisms.
the aromatic substituent (Scheme 2.5). This ion is produced for
cyanoparathion,parathion,methylparathion,bromoparathion and
methoxyparathion. Since this group of organophosphates contain
substituents on the aromatic ring that representon the one hand the85
Figure 2.33 LUMO +48 of chloroparathion. This virtual orbital is
the first in all the virtual orbitals of chloroparathion to contain
a large amount of d orbital character and may be responsible
for the high energy resonance state that generates the phosphate
anion.86
most electron withdrawing substituents and on the other the most
electron donating substituents, it is unlikely that the lack of this
fragment can be attributed to the electronegativity of the substituent on
the aromatic ring.
Other, smaller fragment ions are also produced at varying
energiesincludingavarietyof phosphoryl and thiophosphoryl
fragments. The large amount of fragmentation seen in these molecules
can be attributed to an electronic factor that all these molecules have in
common, which is the large density of virtual orbitals within a small
energy range. For the phthalates (Chapter 3) by comparison there are
typically four virtual orbitals between 0 and 3 eV, whereas for the
organophosphates, the typical number of orbitals between 0 and 3 eV is
30 or more, with almost all of them containing a significant amount of it
character. This large density of virtual orbitals at low energies provides
large numbers of channels with n* character, and hence, many possible
dissociative capture pathways. Complex mechanisms whichare not
obvious may be associated with the production of a large number of ions
(e.g. m/z 132 in the spectrum of bromoparathion or m/z 68 in
parathion). With a large number of possible n* states available, complex
rearrangements are possible.87
2.5 Conclusions
The organophosphates are unique among compounds studied
under electron capture negative ion conditions without a moderating
buffer gas. The most obvious characteristic of the organophosphates is
the large number of fragments that are generated. This is most likely
due to the fact that the organophosphates have many low-lying orbitals
within a small energy region that make may dissociative events possible.
These closely spaced energy levels also facilitate a large amount of
orbitalmixing,givingrisetoeven more routesintocomplex
fragmentations. This high virtual orbital density is most likely due to the
inclusion of occupied d type orbitals in these molecules.
These molecules also are unique in that the virtual orbital most
consistent with the capture of the incident electron to give the molecular
negative ion resonance state is the LUMO. This is not observed for other
species studied here (phthalates, Chapter 3).
These molecules would also benefit from MS-MS studies because
many of the mechanisms are ambiguous without metastable ion
analysis. It is unclear at what point the dehalogenation of the aromatic
ring of many of the organophosphates takes place, and only metastable
analysis could provide an unequivocal statment of when this event
occurs. This information would give much greater insight into the88
genesis of many ionic fragments produced in low-energy electron
molecule interactions, i.e., are fragments produced from a molecular ion
resonance state or are they produced from completely dissociative
anionic potential surfaces.89
3. Analysis of Phthalates
3.1 Historical and Environmental Significance
Phthalates are ubiquitous contaminants in our environment.
These compounds have recently come under scrutiny due to their
estrogenic effects.48 While many man made wastes have been shown to
be weakly estrogenic, the phthalates are particularly noteworthy due to
their prolific use as plasticizers in the production of polymeric materials
such as polyvinyl chloride (PVC). Since they are not chemically bound to
the material being made, they remain after the product has entered the
marketplace, and leach into the surrounding medium or general
environment. Every scientist who has used mass spectrometry has no
doubt encountered the m/z 149 contaminant peak in the electron
impact spectrum of sample compounds,which corresponds to the
phthalic anhydride anion.
Butylbenzyl phthalate has also been shown to decreasesperm
production in male rats49 and butyl phthalate has been identifiedas a
reproductive hazard50 in Sprague-Dawley rats. Production of bis(2-
ethylhexyl) phthalate (DEHP) approaches 5x105 tonsper year in Europe
alone. Due to the similarity of the various phthalates and their similar
fragmentation patterns, mass spectral identification of these compounds
has been difficult. The electron monochromator-mass spectrometer90
(EMMS) system brings a new dimension of analytical information that
can be used to identify these compounds.
Besides the analytical advantage of using the EMMS system, it
provides a unique tool with which to study phthalates' gas phase
negative ion chemistry. To date there have been almost no dissociative
electron attachment studies on these types of compounds. Other
electrophores such as conjugated pi systems and electron deficient
centers have been almost completely neglected. Phthalates are even
more desirable for this kind of investigation because they are made up
entirely of carbon, hydrogen and oxygen and provide a simple case
study with which to probe and understand the electron capture process.
3.2 The Electronic Structure of Phthalates
Eight phthalates were employed in this study (Figure 3.1). All are
in common use as plasticizers with the exception of methylisophthalate,
the meta diester, which was included for comparison to the isodesmic
ortho-ester, dimethylphthalate. To understand the behavior of these
molecules under electron capture conditions, it is necessary to be
familiar with their electronic and nuclear structures. Ab Initio self-
consistent field calculations have been employed by several groups to
help correlate and assign results from resonance measurements in
electrontransmissionexperiments.51Chen andGallup52haveR1 R2
-CH3 -CH3
-C2H5 -C2H5
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Figure 3.1Phthalates studied using the EMMS system.92
demonstrated how Koopman's theorem53 can be used to predict the
negativeionresonanceenergiesof molecules and tocorrelate
resonances with virtual orbitals of molecules.
Koopman's theorem states that the wavefunction obtained by
removing an electron from an occupied orbital or adding an electron to a
virtual MO in a Hartree-Fock wavefuntion is stable with respect to any
subsequent variation in either of the orbitals. It is not necessarily true
that these orbitals remain optimized, but Koopman's theorem provides a
model that allows us to approximate the wavefunction of a molecule that
has had an extra electron added.
Recently, Staley and Strnad54 have used Koopman's theorem in a
systematic study of a series of electron-capturing compounds, involving
several popular SCF basis sets. In this approach, the experimental
attachment energy is scaled to the energy of the appropriate SCF virtual
orbital energy (Evo)
AE = mEvo + b (1)
This approach was succesfully applied to a wide range of
experimental attachment energies. Of these, the best correlation was
found for the HF/D95//HF/6-31G calculations. The D95 basis set was
found to contain the right amount of "diffuseness" to correctly describe
the bound state of a molecule with one extra electron. This level of93
theory was used in the present investigation to model the orbitals of the
phthalates.
Examination of optimized geometries of the phthalates reveals an
important structural feature. All of the ortho-esters have only one
carbonyl group coplanar and in conjugation with the aromatic ring. The
second ester moiety is forced out of the plane of the ring by steric
interactions. The meta dimethyl phthalate has both ester carbonyl
groups coplanar and in conjugation with the aromatic ring, imparting a
greater level of symmetry to this molecule (Figure 3.2).
To test the possibility that the symmetrical conformation of ortho-
dimethyl phthalate was the lowest energy conformation, calculations
were undertaken at the HF/D95//HF/6-31G and
B3LYP/D95//B3LYP/D95 levels of theory, forcing symmetry on the
molecule. This constrained both ester groups into coplanarity with the
aromatic ring. This conformation was predicted to be several hundred
Kcal higher in energy than the unconstrained geometry, indicating that
there must be a large amount of steric strain in the symmetrical
molecule. Clearly, the unsymmetrical conformation is much lower in
energy and is the one assumed to be involved in these electron capture
reactions.
This conformation has important consequences on the virtual
orbitals of the phthalates. The symmetrical meta-dimethyl phthalate has
virtual orbitals that are either completely TC or completely a in characterFigure 3.2Comparison of the ortho-dimethyl phthalate (1) geometry and the meta-isophthalate
(2) geometry.95
(Figure 3.3). The unsymmetrical ortho phthalates show a great deal of
a*-n* mixing in the virtual orbitals (Figure 3.4) due to the steric
constraints that forces one of the carbonyl groups out of coplanarity
with the aromatic ring.
This mixture of the it and a* states is very important in producing
fragments after the initial electron capture process as two recent studies
have demonstrated. Pearl and co-workers55 measured the absolute Cl-
yield in two chloronorbornenes (Figure 3.5,B), with the chlorine
separated from the unsaturated part by two carbon atoms in both
molecules. In molecule one, chlorine was attached to the norbornane
unit in a position permitting through-bond coupling of the a* orbital of
the CX bond with the carbon-carbon double bond ic*orbital. The
resulting Cl- anion yield was orders of magnitude higher than that for
the second molecule, where the CX bond lay in the nodal plane of the
carbon-carbondouble bondn*orbital,whereconjugation was
precluded.
Allan and co-workers56 have also demonstrated the importance of
it*-a* mixing by measuring the relative yields of Cl- and Br from a series
of halogenated benzenes, where the halogens were also separated from
the aromatic ring by means of a methylene spacer. Loss from the
benzylic position was shown to be much greater than loss from the
phenylic position, due to the fact that the halogen ison a tetrahedral
carbon atom, which places the benzylic substituent outside the plane ofAE
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Figure 3.3Vertical attachment energies for meta-dimethyl phthalate
calculated using Koopman's Theorem with an empirical linear scaling
relationship at the HF/D95/ /HF/6-31G level of theory. Orbitals were
drawn with Chem3D Pro at an isosurface value of 0.03.4
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Figure 3.4Vertical attachment energies calculated using Koopman's
Theorem with an empirical linear scaling relationship at the
HF/D95//HF/6-31G level of theory. Orbitals were drawn with Chem3D
Pro at an isosurface value of 0.03.A
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Figure 3.5(A) Overlap between the a* orbitals of the halogen-carbon
bond allows for overlap with the pi star systemin A, while the a* orbital
is orthogonal to the it system for the phenyl substituent,precluding
orverlap.(B) Norbornenes used in dissociativeattachment studies.99
the ring, allowing for efficient a*-7c* coupling (Figure 3.5, A). Coupling
between the a* orbitals of the phenylic halogens with the 7C* orbitals is
symmetry forbidden.
These studies indicate that electron capture occurs first to give it*
orbitals with coupling to a* orbitals to provide a route for sigma bond
cleavage and fragment ion formation. Based on these previous studies,
extensive fragmentation would be predicted for the ortho-phthalates,
while little fragmentation would be expected for the symmetrical meta
dimethyl phthalate. A similar analysis to the one above (Figure 3.6)
shows the extent of orbital mixing in the phthalates. The carbonyl group
in the ortho-phthalates is forced out of coplanarity with the aromatic
ring. This allows the sigma antibonding orbital located on the ester
oxygen to interact with the pi system of the aromatic ring. After electron
capture, this n * -a* mixing should promote fragmentation. The meta-
phthalate has both esters in conjugation and is coplanar with the
aromatic ring, placing the sigma antibonding orbital on the ester oxygen
perpendicular to the aromatic it system, which should preclude orbital
intermixing and prevents sigma bond cleavage, which is precisely what
is observed experimentally. These fragmentations are described in detail
below./;Ct13
Overlap
0
--/-No Overlap
100
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B
Figure 3.6Orbital overlap between the carbon-oxygena bond
in A allows for it* to a* electronic transfer while the coplanar
substituents in B force the a antibonding orbitalto be
perpendicular to the 7r* system of the aromatic ring,preventing
a* and TC* mixing.101
3.3 Molecular Anions
Three dimensional energy-ion mass-ion intensity spectra (Figures
3.7 through 3.14) as well as the two dimensional electron energy-ion
mass spectra show resonance states with a wide range of energies
produced under EMMS experimental conditions. All compounds show
molecular ions (Table 3.1). Unlike the fragments listed below, the
energies required to produce molecular ions do not vary significantly
from molecule to molecule.
If the values of the second molecular orbitals (ic*2) are adjusted
using the empirical correction formulated by Staley,57 good agreement
can be seen between the observed and calculated resonance energies for
the molecular ions of the phthalates (Table 3.1).
The higher energy, secondary set of resonances do not correlate
with the next ic* orbital calculated by this level of theory. The numbers
are all quite similar with most lying within experimental error of each
other. These resonances seem to lie between the second 7E* orbital of the
phthalates and the first a* orbital (Figure 3.4) indicating that there must
be extensive mixing of the It and a systems for these molecules. This
mixing is necessary to produce fragments in electron capture events".
This assumption is born out by the molecular orbital calculations,
which show a heavy mixing of the two systems inmany of the molecular102
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Figure 3.7Electron energy mass spectra of methyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratio vs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.103
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Figure 3.8Electron energy mass spectra of metamethyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratiovs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.160
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Figure 3.9Electron energy mass spectra of ethyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratio vs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.105
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Figure 3.10Electron energy mass spectra of n-butyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratio vs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.106
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Figure 3.11Electron energy mass spectra of isobutyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratio vs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.400
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Figure 3.12Electron energy mass spectra of butylcyclohexyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratiovs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.5000
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Figure 3.13Electron energy mass spectra of butylbenzyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratio vs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.109
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Figure 3.14Electron energy mass spectra of amyl phthalate.
(A) Three dimensional electron energy vs. ion mass/charge ratiovs.
ion relative intensity spectrum.
(B) Two dimensional electron energy vs. ion mass/charge spectrum.110
Table 3.1Molecular vertical attachment energies for
phthalates and predicted attachment energies calculated
using HF/D95//HF/6-31G corrected using Koopman's
theorem and a linear scaling factor.
_
0.R10 0,R2
0 _
--First
AE (eV)
Predicted
AE (eV)
Second
AE (eV)
R1=-CH3
R2=-CH3
0.62 0.45 1.03
R1=-C2H5
R2=-C2H5
0.63 0.49 1.15
R1=-C4H9
R2=-C4H9
0.60 0.51 1.14
R1=
R2=
0.65 0.52 1.15
R1=-05Fl11
R2=-05H11
0.48 0.52 1.01
R1=-C4H9 0.57 0.51 1.07
R2=Yr
R1=-C4H9
R2=
0.78 0.53 1.27
0 0
0
Oi
0.19 0.21 0.87111
orbitals, with electron capture taking place primarily in the orbitals that
are completely or mostly it in nature.This mixing phenomena is
operativeforallthephthalatessavethesymmetricmeta-
dimethylphthalate, which has orbitals that are distinctlyTT or a in
character. The absence of significant overlap of TC* with 04 states
prevents this molecule from having any channels that would allow
fragmentation.
3.4 Common Fragment (M-10
Several ions are common to most of the compounds studied. First,
all of the ortho esters undergo cleavage of the alkyl carbon-oxygen ester
bond (Scheme 3.1). The electron energies required for theresonance
CR-1 0,
R1
0,R2 0,R2
0,R2
0
Scheme 3.1Ester cleavage observed in the electron capture
negative ion spectrum of phthalates.
associated with alkyl carbon-oxygen ester bond cleavagesvary over an
energy range of 0.62 to 2.17 eV (Table 3.2).112
Table 3.2Vertical attachment energies for the production of
the (M-R)- fragment in phthalates.
O0 01
+ R1-
R2
0
First AE (eV) Second AE (eV)
R1=-CH3
R2=-CH3
1.50 1.90
R1= -C2H5
R2= -C2H5
1.43 2.17
R1=-C4H9
R2=-C4H9
1.11 1.48
.-1(..\---- R1=
1.07 not observed
R1= -05H11
R2=-051-i11
0.62 1.04
0.64 1.11
R1=
R2=-C4H9
R1=-C4H9 0.70 1.12
R2=\7-
R1=0
R2=-C4H9
1.08 1.43
R1=-C4H9
R2= 110
1.18 1.37
0 0
Oi
1101
not observed not observed113
If the lower energy resonances are plotted versus the molecular
weights of the phthalates, a trend is observed (Figure 3.15). As the size
of the R group (ester substituent) increases, the electron attachment
energy required to produce the ion that corresponds to the cleavage of
the ester-substituent bond decreases.
To understand this trend,it is important to understand the
thermodynamic quantities that influence the electron attachment
energy. The minimum heat of reaction for dissociation (AH0) of a
molecule A-B by electron capture is the difference between the bond
energy of AB and the electron affinity of B-58
AH0 = D(A-B)EA(B) (2)
The appearance energy (el) is the minimum amount of energy
required for anion formation and is defined as
=OHo +c (3)
where ex is the excess energy carried away by the fragments after
dissociation. The virtual attachment energies reported here for the
phthalates are cm. values, which correspond to the energies of
maximum ion production.1.6
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Figure 3.15Relationship between electron energy required to cleave thecarbon-oxygen ester
bond and the molecular weight of pthalates.115
The stability of the radical produced in the bond fission plays a
direct role in the electron energy required for cleavage. In the case of
phthalates, the same radical is produced from n-butyl phthalate, butyl-
benzyl phthalate and butyl-cyclohexyl phthalate. But the electron
energies required to produce these three are not the same. This
indicates that there may be a steric factor affecting the energies of these
resonance states. The most sterically demanding molecule, diamyl
phthalate, shows the lowest energy resonance for production of the
radical, while the heavier, but less sterically crowded butyl-benzyl
phthalate has a higher resonance state energy for radical production.
A plot of experimental heats of formation of several of the R group
radicals produced59 versus the negative ion resonances shows a trend
for the simple alkyl substituted phthalates (Figure 3.16). This graph
seems to indicate more than a one-to-one correspondence between bond
enthalpies and negative ion resonance energies. Electron energies
required appear to drop exponentially relative to the stability of the
radical produced. The benzyl fragment (AHf = 207 KJ/mol. Compare
with methyl fragment, OHf = 145 KJ/mol) lies completely outside this
correlation, with a vertical attachment energy much too small compared
to the other fragments. Unlike the other aliphatic R groups, this
fragment contains a low-lying TC* orbital whichcan capture an electron
(Figure3.17).Because electron captureisoccurring through a
completely different mechanism, this fragment would not be expected to160
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Figure 3.16Electron energy required to produce R cleavage in phthalatesversus the
heats of formation of the R fragments. The exponential decay is indicative ofsome other
contributing factor, i.e. steric repulsion.Figure 3.17 LUMO +2 (1) and electron density isosurface at 0.2 A (2) of the LUMO+2 for
butylbenzyl phthalate. This orbital has anenergy of 0.98 eV after application of Koopman's
theorem with an empirical linear scaling adjustment whichcompares well to the measured
attachment energy that results in cleavage of the benzyl ester carbon-oxygen bond(1.08 eV).
The red areas in the electron density isosurface represent the regions of highestlocation
probablilty for the extra electron.118
correlate with the others, since electron capture to produce a benzyl TC*
state will fundamentally change the thermochemistry of the benzyl-ester
cleavage.In this fragmentation, there is direct mixing between the a*
orbital of the methylene carbon-oxygen bond and the n* system of the
aromatic fragment and adjacent carbonyl group.
If the molecular weights are plotted versus the second resonances,
a relationship can be seen (Figure 3.18), but it is less pronounced than
the one for the first series of resonances. This second resonance must
involve some common mechanism for production of the molecular ions,
which is not affected as profoundly as in the first series. A possible
explanation for this resonance could be direct capture into the carbonyl
group with direct electron transfer into the sigma framework causing
bond fission. The first resonance would be electron capture to give a n*
state that is located directly upon the aromatic ring of the molecule
followed by transfer to the sigma framework as was discussed above.
Inspection of the it orbitals most likely responsible for electron capture
for butylcyclohexyl phthalate show this to bea reasonable explination
(Figure 3.19).
3.5 Common Fragment (M-R1-R2)
Another fragmentation seen in several phthalates is cleavage of
both ester-substituent bonds in the molecule. This fragmentis produced3
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Figure 3.193.19Vertical attachment energies for butylcyclohexyl phthalate
calculated using the Koopman's Theorem with an empirical linear
scaling relationship at the HF/D95//HF/6-31G level of theory. Orbitals
were drawn with Chem3D Pro at an isosurface value of 0.03.121
over a small range of energies and is absent for several of the smaller
phthalates (Table 3.3).
While the first resonance states increase in the electronenergy
required relative to the size of the substituents involved, the second
resonances show almost no change in the electron energies required.
0
0
n
0- H
...,Id
0\C CR
H2
Scheme 3.2 Mechanism of formation of m/z 165 ions formed from
phthalates.This mechanism is analogous to the solution phase E2
reaction.
The only resonance state for ortho-dimethyl phthalateusing this
reaction scheme is within the higher energy range and proceedsvia the
same mechanism as for the second resonances in the other phthalates.
Comparison of the electron attachment energies (table 3.2) shownabove
for single R group cleavage with the electron attachmentenergies listed122
Table 3.3 Attachment energies for the productionof the m/z
165 ion in phthalates.
0 0
0
,R1
OH ON-0
0- 00,
R2
First AE (eV)Second AE (eV)
R1= -CH3
R2= -CH3
1.24 (a)
R1=-C2H5
R2= -C2H5
(a) (a)
R1= -C4H9
R2= -C4H9
(a) (a)
1(\---- R1=
R2=''(.\-----
0.54 1.20
R1= -CAI
R2= -05Fl11
0.66 1.13
R1= -C4H9 0.81 1.15
R2=\7-
R1= -C4H9
R2=
0.85 1.22
O 0
0
Oi
_
(a) (a)
observe123
above (table 3.3) for dual ester cleavage reveal that the formation of this
ion (M-2R)- occurs at a lower electron attachment energy. Thismay be
due to the rearrangement reaction involving the formation ofa bond in
the fragmentation process, which would lower theenergy needed to
cause cleavage (Scheme 3.2).60 The energies differ only by a few tenths of
an electron volt with diisobutyl phthalate having the largest difference
(0.53 eV = 12.2 kcal/mol). This energy difference is not large.61A
possible mechanism involves the initial electron capture followedby
cleavage of the first carbon-oxygen ester bond. The resultantanion
could undergo a p elimination reaction by transferringa proton to give
the phthalic acid-anion and the neutral alkene. Thisreaction is an
intramolecular gas-phase analogue of the well known E2elimination
reaction62 (Scheme 3.2).
All phthalates show an ion peak at m/z 165except dimethyl
phthalate. This molecule formsan ion with m/z 164, which is not
surprising since it does not havea hydrogen beta to the ester
functionality. The mechanism for the formation of thision is not readily
apparent. However, an initial capture of the incident electroninto the pi
system of the molecule with distribution ofenergy into the sigma
framework could account for the bond fission.
The second resonances (Table 3.3, column3) are very close in
value to those for simple ester cleavage,suggesting that these ions are
formed through the same mechanism,i.e. initial capture to generate a tc*124
state of the aromatic ring. Fragmentation then occurs with formation of
the 165 ion via the mechanism proposed above. This fundamental
discovery would need to be tested using a metastable analysis technique
such as triple-quadrupole MS-MS or linked scanning of a magnetic
sector instrument, where the parent ion could be isolated, and a single
fragmentation pathway could be proven.
3.6 Common Fragment (Phthalic Anhydride Anion)
Another common ion produced by this series of molecules is the
phthalic anhydride radical anion. Electron energies required to produce
this resonance vary over a relatively broad range (Table 3.4).
Formation of the phthalic anhydride anion with m/z 148may
involve a process similar to that described producing the ion with m/z
165. The electron could be captured producinga localized ir* state of the
ester functionality. Examination of the orbitals of dibutyl phthalate
(Figure 3.4) and butylcyclohexyl phthalate (Figure 3.19) revealan orbital
at LUMO +2 that would produce this state.125
Table 3.4Attachment energies for the production of the
m/z 148 ion in phthalates.
O
Ri000,R2
_v..0
First AE (eV)Second AE (eV)
R1=-CH3
R2=-CH3
0.95 1.4
R1=-C2H5
R2=-C2H5
0.48 (a)
R1=-C4H9
R2=-C4H9
0.70 (a)
R1=.1(\-----
0.70 (a)
R1=-05Ii11
R2=-051-111
0.54 1.04
R1=-C4H9 0.61 1.11
R2=
R1=-C4H9
R2=
1.04 (a)
O
0
0
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Scheme 3.3Postulated mechanism for the formation of the phthalic
anhydride radical anion with m/z 148
Two possible mechanisms for this cleavage (Scheme 3.3)can be
considered. After electron capture, the reactioncan proceed through the
intermediate (a) followed by nucleophilic attack of the carboxylanion on
the adjacent carbonyl group to give (b), which then fragmentsto give the
product ion with m/z 148. Insight into this reaction mechanismcan be
gained through the use of semi-empirical molecular orbitalcalculations,
which have been shown to be accurate in thecase of isodesmic
structure comparisons63, such as this one. Calculationsusing MOPAC127
9764 indicate that intermediate (a) (AHf = -177.4 kcal/mole) is more
stable than intermediate (b) (AIif = -170.5 kcal/mole) suggesting that
this reaction proceeds through intermediate (a).
Lower energy electrons are required to form this ion (m/z 148)
than are required to form the other ions. This maybe attributed partly to
a bond being formed in this ion's production. It is well known that
rearrangement reactions involving fragmentation are lower energy
processes65. This seems to suggest that the reaction actually goes
through the direct mechanism to intermediate b, since only in thiscase
would the electron energy to produce the m/z 148 ion be affected. This
seems to be contrary to what is suggested by the calculations.
Unfortunately, there is no obvious experiment whereby we could state
this mechanism unequivocally.
3.7 Other Ions
Aside from the common ions described above,very few ions
unique to individual phthalates are observed for these compounds in
electron capture negative ion spectra produced with the EMMS system.
An intense ion with m/z 120 is formed by butylbenzyl phthalate. This
ion is formed with a electron attachment energy of 1.42 eV, whichis
exactly the value of the high energyresonance of the anionic fragment
produced by the cleavage of the ester-benzyl bond. This indicatesthat128
the m/z 120 ion originates from this ion (Scheme 3.4). This ion is not
observed in the spectra of other compounds that produce the butyl ester
anion (butyl cyclohexyl phthalate and n-butyl phthalate) because they
lack the large excess energy that is imparted to this anionic fragment
0
m/z 120
Scheme 3.4 Mechanism for m/z 120 ion formed in the negative
ion spectrum of butylbenzyl phthalate. This ion is thought to
originate from the m/z 221 ion of the parent molecule because
the resonance energies are the same for the production of both
ions.
following loss of the benzyl radical.
Another unique ion produced is the m/z 280 anion from
butylcyclohexyl phthalate. This ion is quite intense and involves loss of
14 mass units from the molecular ion. This seems likean unlikely66
loss; nevertheless, this compound was retestedover several days to
probe the possibility of contamination andnone was found. The
presence of this ion seems quite real and would have to involve the loss
of a methylene group from one of the ester alkylgroups. The preduction
of this fragment results from a low energyresonance at 0.57 eV and a129
high-energy resonance at 1.09 eV, which are identical to the resonance
energies for the molecular anion of this compound.
3.8 Conclusions
The fragmentations observed in this class of compounds seem to
be driven mostly by thestericblockingof the lowest energy
conformation that aryl diesters would prefer, i.e. conjugation of both
carbonyl groups with the aromatic ring. This would give the moleculesa
degree of symmetry that would lower the energies of the virtual orbitals
and lengthen the lifetime of the molecular ion formed by the Feshbach
resonance mechanism. The results from Meta-dimethyl phthalate
support this statement. This compound produces an intense, long lived,
low-energy molecular ion with no other fragmentations. The other
phthalates show extensive fragmentation, presumably due to the heavy
re-a* mixing caused by forcing one of the ester groups out of the plane
of the aromatic ring. This is due to steric hindrance caused by theclose
proximity of the ester moieties.
These molecules demonstrate the importance of re-a* mixingin
forming fragments in the EMMS. While electron capture almostalways
occurs to produce symmetrical itorbitals, there must be a a orbital
close in energy to produce a hybrid re-a* from which thefragment ions
can arise. A second, but no less important item is the fact that all the130
molecules can be identified by their three dimensional spectra, once
again60 showing the analytical benefit of the EMMS system.131
4. Analysis of Sulfonamide antibiotics.
4.1 Hisorical and Environmental Significance
Sulfonamide antibiotics are a class of compounds structurally
related to sulfanilamide which are used extensively in pharmacy and
agricultureasantimicrobialagents.These 0 9Ocompounds were first used as chemotherapeutic
H2N S-NH2
0 agents by Domagk in 1935, who showed that
sulfonamides had the effect of curing mice with
infections caused by streptococci. Changes in the structure of this first
compound produced new compounds with broader antibacterial activity.
While substitution on the 1 nitrogen produced compounds withvarying
degrees of antibioticactivity,it was quickly discovered that the
sulfanilamideportionsofthemoleculewereessentialfor
pharmacological activity. The naming convention for this class of
compounds is as follows: the sulfonamide nitrogen will be referredto as
Ni and the aniline nitrogen will be referred toas N4.
The sulfonamide antibiotics derive their potent antimicrobial
properties from the fact that they mimic para-aminobenzoicacid,
inhibiting key bacterial enzymes responsible for theproduction of
tetrahydrofolic acid, the vitamin form of folic acid essential for1-carbon
transfer reactions in living systems (Figure 4.1). Mammaliansystems are
SulfanilamideH2N)f
N N
NN7
OH
H
N
H
N
p-Aminobenzoic
acid
COO-
COO-
Figure 4.1- Portion of Pteroylglutamic acid (folic acid) that is mimicked by
sulfonamides in the folic acid metabolism of bacteria133
not affectedinthis way,as they rely on dietary uptakefor
tetrahydrofolate and do not metabolize it directly.
There has been concern recently at the levels of sulfonamides
present in farm animals that are used as food animals. High levels of
sulfonamides in the human diet can lead to bacterial resistance to
antibiotics and several sulfonamides used in agriculture have also been
shown tobe carcinogenic andsensitizingtohumans.Several
governments have recently established an upper limit of sulfonamides
and their metabolites in commercially produced meat with the common
upper limit being 100 ppb. This leads to the need for rapid, quantifiable
analysis of samples for the determination of sulfonamide residues.
Sulfonamides have been analyzed using several procedures,
including gas chromatographyquadrupole mass spectrometry67 and
liquid chromatography combined with electrospray mass spectrometry68.
There have been many problems with all of these techniques, the most
notable being the lack of reproducibility in LC/UV methods, poor
sensitivity and, in mass spectrometry, lack of diagnostic peaks. Clearly,
with the variety of sulfonamide antibiotics that are available, there is a
need for a technique that is rapid, simple, reproducible and allows for
the identification of not only the presence of sulfonamides, but also the
exact chemical identity of these species. The electron monochromator
mass spectrometer system is ideally suited for this task, as it possesses134
all the factors needed for the desired type of analysis including the new
dimension of information made available,i.e.Electron attachment
energy of any fragment produced in the ion source.
4.2 Electron Monochromator Spectra of Sulfonamide Antibiotics
A series of nine sulfonamide antibiotics that are currently in use
today were chosen for this study (Figures 4.2, 4.3 and 4.4). The major
product ion in all the underivatized species studied in the electron
monochromator comes from the m/z 156 ion. Vertical attachment
energies required to produce the ions observed for the sulfonamides vary
from 0.011.1 eV (Table 4.1). In the NCI experiment, two major ions are
formed with m/z 155 and 156. Production of which ion depends largely
on the ease of hydrogen atom abstraction in the radical anion. A
postulated mechanism for both ion formation pathways and production
of subsequent fragments is shown in scheme 4.1. Fragmentation can
occur by initial hydrogen atom abstraction, presumably by the CI
reagent gas, followed by homolytic cleavage of the sulfonamide bond.
This ionic fragment at mass 155 can then lose an oxygen atom to give
an ion of mass 139 which is observed in most of the sulfonamide NCI
spectra but is not observed in the monochromator experiments.Sulfabenzamide
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Table 4.1Attachment energies required to produce
fragments observed in the gas phasenegative ion spectra of
sulfonamides.
Name Fragment
Mass
AE (eV)
Sulfabenzamide 156 0.229
0.852
276 0.682
199 0.481
0.953
Sulfacetamide 156 0.152
0.701
199 0.01
0.616
Sulfamethoxypyridazine 156 0.291
0.769
Sulfameter 156 0.404
0.909
46 0.388
Sulfadiazene 156 0.3
0.967
Sulfamethazine 156 0.63
1.112
198 0.096
0.982
278 0.503
Sulfaisomidine 156 0.471
1.043
278 0.01
Sulfaisoxazole 156 0.319
0.792
Sulfamethoxazole 156 0.313
0.875HEN
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Scheme 4.1Mechanism for formation of m/z 156 and m/z 155 fragment ions in thegas phase
negative ion spectra of sulfonamides.140
This lack of an ion with m/z 155 indicates that the proton
abstraction that occurs in the negative chemical ionization spectra must
be by the reagent gas, as there is no gas present in the monochromator
experiment.
All compounds give 156 as their major peak in the EMMS. The
peaks are characterized by two distinct resonances. The shape of the
156 resonance that produces the m/z 156 ion for sulfabenzamide is a
good representative for this class of compounds (Figure 4.5). The lower
energy resonanceforeach moleculevariesfrom0.15 eV for
sulfacetamide to 0.63 eV for sulfamethazine while the higher energy
resonancevariesfrom0.70eVsulfacetamideto1.1eVfor
sulfamethazine. The lower energy resonance varies more than the high
one, which perhaps comes about through electron capture into the pi
system of the Ni substituent, while the higher energy resonance results
from electron capture into the aniline portion of the sulfonamides, which
all the molecules have in common. The lower energy resonance tends to
be shorter and broader than the higher energy resonance with an
extreme example being the m/z 156 resonance of sulfamethoxazole
(Figure 4.6). The width of a resonance can tellus much about the
anionic surface from which a fragment is being formed. Assuming that
the electron is captured into the sulfonamide portion of the molecule for
the low energy resonance, the broadness comes from the ability of the
sulfur-nitrogen bond to stretch and bend. Thenarrower high energyElectron Energy (eV)
Figure 4.5 Anion yield curve for the m/z 156 fragment of sulfabenzamide.Relative
Intensity
40
35-
.30
25
20
15
10-
5
0
-5
aa a
a a
a
on a
In a
on woo
an am
0
Electron energy (eV)
Nu
Figure 4.6 Anion yield curve for the m/z 156 fragment of sulfamethoxazole.
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resonance derives its shape from the relatively rigid aromatic pi systems
of the substituent rings which do not have the same flexibility as the
single bond between the sulfur and nitrogen.Molecular orbital
calculations at the B3LYP/6-31G* level of theory indicate that the
orbital that corresponds to the low-energy resonance in sulfacetamide is
indeed located on the acetyl group of the molecule (Figure 4.7, A) while
the next highest orbital corresponds to a molecular orbital that is
located mostly on the aniline portion of the molecule (figure 4.7, B).
Rotationally invariant bond orders69 calculated using MOPAC 97 for the
S-N bonds for all the sulfonamides lie within the range 0.64 and 0.68
indicating a weak and flexible bond.
Another interesting fragment is the fragment corresponding to
m/z 199 observed in the spectra of sulfacetamide and sulfabenzamide.
This can be rationalized as loss of the substituent on the acylated N1
nitrogen to leave the acyl anion (scheme 4.2). This fragment is not
observed in the NCI spectra. The electron attachment energy required to
cleave the benzyl bond is 0.48 eV while the energy required to cleave the
acyl bond is 0.01 eV. Calculations at the PM3 level of the bond
dissociation energies for this cleavage are 298.28 Kcal/mole for the
benzyl bond and 250.80 Kcal/mole for the acyl bond which converts to
a difference of about 2 eV in bond enthalpies. The difference between the
resonance energies (0.47eV) and the bond enthalpies (2eV) is not the
same. This excess energy is made up in the reorganization energy uponFigure 4.7 LUMO +3 (A) and LUMO +4 (B) of sulfacetamide. The isosurface values for these
orbitals are 0.03.0
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Scheme 4.2 Mechanism for M/Z199 formation in electron monochromatorspectra of
sulfabenzamide and sulfacetamide.146
formation of the molecular ion. The second, higher energyresonance is
presumably captured into a sigma antibonding orbital for the bond that
is broken.
A similar fragment is observed for sulfamethazine at m/z 197.
This ion can be rationalized as an anti-cyclization to give thefragment in
scheme 4.3. It is surprising to note that the lowenergy resonance
required to effect this ion formation is only 0.09 eV, whichmust involve
capture into a pi antibonding orbital, presumablyon the pyrimidine
ring. The low energy negative ion resonance indicates that the fragment
produced must also have a positive electron affinityto drive this reaction
forward. The fragment most likely producedis a cyclobutadiene
heterocycle with one nitrogen which hasa calculated electron affinity by
the PM3 method of 0.9 eV. None of the otherpyrimidines showed a
similar fragment.
Molecular ionsarealsoobservedforthelargestof the
sulfonamidesstudied,sulfabenzamide,sulfamethazineand
sulfisomidine. Their numerous degrees of freedomallow for stabilization
of the radical anion, leading toa longer lifetime and their observation in
the monochromator. Sulfisomidine showsa molecular negative ion
resonance at nearly 0 eV while sulfamethazine's is at 0.5 eV.
Sulfadiazene and sulfameter (5-methoxysulfadiazene)give almost
exactly the same resonanceenergies indicating that the electron
releasing methoxy group (Ref. Figure 4.3)does not perturb the moleculeH2N
\
SNH
0
+e"
H2N H2N
N
0
H
S NH
64
m/z = 197
Scheme 4.3Origin of m/z 197 ion in the electron monochromatorspectrum of
sulfamethazine.148
in a way that would affect the electron capture process. Donation of
electron density into the ring by the methoxy group would not be
expected to be large due to the contribution of the nitrogen that is
bound to the aromatic moiety para to the methoxy group. The
rotationally invariant bond order calculated for the methoxy-phenyl
bond is 1.02, indicating very little electron donation into the ring.
4.3 Gas Phase Negative Ion Spectra of Si 'plated Sulfonamides
The attachment energies observed for the silylated sulfonamides
are shown in table 4.2. Only four of the sulfonamides studied showed
any signals when introduced into the monochromator. In the NCI
experiment, silylated derivatives of sulfamethazine and sulfameter did
not give negative ion spectra. Their presence was confirmed in the E.I.
spectra and the relative intensities of the product peakswere close to all
the other sulfonamides. The lack of negative ion spectra forthese two
compounds could again be related to the guanidine structural feature
found in both molecules, as the other guanidine containingspecies were
not very intense and did not fragment as extensivelyas the other species
involved in this study.
The fact that sulfadiazene showsup in the NCI spectrum as well
as in the EMMS system while sulfameter does not shows that simple
methoxy substitution on the aromatic ring affectsthe negative ion149
Table 4.2Attachment energies required to produce
fragments observed in the gas phase negative ionspectra of
silylated sulfonamides.
Name Fragment
Mass
Resonance Energy
Sulfabenzamide 155 0.624
270 0.383
0.761
Sulfacetamide 155 0.8
0.599
270 0.01
0.686
Sulfamethoxypyridazine (a)
Sulfameter (a)
Sulfadiazene 155 0.144
0.505
270 0.176
0.546
Sulfamethazine
Sulfaisomidine 155 0.237
0.51
270 0.092
0.429
Sulfaisoxazole (a)
Sulfamethoxazole (a)150
chemistry of this molecule to a large extent. Some of the molecules
studied here were silylated on both the Ni and N4 positions, whilesome
were silylated only on the N4 position. If the Ni nitrogen on sulfameter
is silylated, this would prevent its resonance interaction with the
aromatic pyrimidine ring and allow the methoxy group to donate its lone
pair. This would increase the electron density in the ring, making
electron capture more difficult.Lack of negative ion spectra for
sulfamethoxypyridazine could be rationalized using thesame logic.
Sulfisoxazole and sulfamethoxazole do not contain aromaticgroups on
the Ni nitrogen and they show no EMMS signal. Basedon this evidence
and the fact that the NIR's for the molecules that do show signalvary
over such a wide range, it appears that electron capture in these species
is taking place on the substituent part of the molecule and noton the
aniline portion of the molecule. This could either be from theelectron
donating nature of the tert-butyldimethylsilylgroup on the aniline
nitrogen or possibly a steric interaction of this largegroup with the
incident electron. Steric effects on negative ionresonances have been
observed for aromatic esters (see Phthalates, Chapter 3).
Most compounds with aromatic substituents showions in the
EMMS system,alongwiththeacetyl-substitutedcompounds,
sulfacetamide and sulfabenzamide which havebeen shown to contain
low-lying pi-type frontier orbitals by molecularorbital methods as151
described above. Clearly, the silyl group does not aid electron capture,
and indeed seems to hinder it.
The spectra of the silylated sulfonamides from the electron
monochromator are quite different than those from a conventional NCI
experiment. First, there is much less fragmentation observed in the
EMMS experiment.Only two fragmentsareobservedforeach
compound, the m/z 270 fragment which corresponds to cleavage of the
sulfonamide bond, and the m/z 155 ion, which corresponds not only to
cleavage of the same bond, but loss of the tent -butyl dimethylsilyl group
as well (scheme 4.4).
The shapes of the negative ion resonances for both fragmentations
observed in the monochromator are very similar to the underivatized
molecules (Figure 4.8). They are characterized by a large,very broad low
energy resonance and a sharper, taller higher energy resonance. The
silylated EMMS resonances are much broader than their underivatized
analogues, presumably due to the much broader anionic surface made
available by the many vibrational degrees of freedom of the silyl
derivatizing groups.
There are four major fragments formed by traditional negative
chemical ionization of the remaining sulfonamides (scheme 4.5). Two
major peaks appear at m/z 269 and m/z 270 with the former being
favored by around 5 to 1 in all cases except for sulfamethoxypyridazine,
where the ratio is 1:1. The fragment ion with m/z 269may result from,N
H
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R i-e"
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Scheme 4.4 Mechanism of formation ofm/z 270 and m/z 155 fragmentsin the
electron monochromator spectra of silylatedsulfonamides.-
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conditions.155
an initial hydrogen atom abstraction possibly by the reagent gas
followed by elimination of an amide radical. This fragmentcan then
further break down by loss of an oxygen to give another major peak
found in most of the spectra at m/z 253.
Alternatively,the radical anion formed can undergo cleavage of
the sulfonamide bond to give the ion with m/z 270. This ioncan then
undergo homolytic cleavage of the silicon-nitrogen bond to give the
prominent ion peak at m/z 155.
In the EMMS system the energies required to fragment the
sulfonamide bond that forms the ion with m/z 270 are thesame for
pyrimidine containing species. The isomeric shift of the pyrimidine ring
from sulfamethazine to sulfisomidine does not affect the electron
capture process as much as in the case of the molecular negative ion
resonance formation of the underivatized species because electron
capture takes place on the sulfoxide portion of the molecule with onlya
peripheral involvement of the Ni substituent. In thecase of the acylated
sulfonamides, electron capture seems to be more profoundly affected by
the Ni substituent, as the electron attachment energy required to form
the m/z 270 fragment of sulfacetamide is 0.01 eV witha higher energy
resonance at 0.686 eV while the energy required to form the same
fragment in sulfabenzamide is 0.38 eV witha higher energy resonance
at 0.761. The higher energy resonances are nearly thesame, due to the
fact that they most likely involve electron captureinto the mixed pi-156
sigma antibonding framework surrounding the sulfamide moietyand are
less affected by the change froma large pi system, as in the case of
sulfabenzamide to a small alkyl substituent in thecase of sulfacetamide.
The m/z 270 resonances and the m/z 155resonances are
identical in energy for these species, further supporting theproposed
mechanism, which shows the m/z 155 fragment originatingfrom the
m/z 270.
Another ion absent from the EMMS spectra but present in NCI
spectra is the one with m/z 148. This is the largest ion produced in
spectraof sulfabenzamide and sulfamethoxypyridazine andisa
significant peak in the spectrum of sulfisoxazole, sulfadiazeneand
sulfisomidine.The formation of this fragment ionappears to be
unaffected by the degree of silylationor the type of R group on the
sulfonamide nitrogen. The postulated mechanism of formation isshown
in scheme 4.6. Formation of theparent ion with m/z 269 has been
shown above. From this point, there is homolytic cleavage ofthe silicon
carbon bond leading to a short lived intermediate species. Thisspecies
would decompose rapidly due to the favorable formationof an SO2
molecule to give the target fragment at mass 148.H/ N
Si> \
9,1:11
SN --No---v.--
8 R2
MW=269
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N
Si\
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Scheme 4.6Proposed mechanism of formation of the ion with m/z 148in the gas phase
negative ion spectra of sulfonamides.158
4.4ElectronMonochromatorSpectraof Trifluoroacetylated
Sulfonamides
Unlike the silylated derivatives above, thetrifluoroacetylated
derivatives of the sulfonamides gavevery strong negative ion spectra, in
both thetraditional NCI mode and in the EMMSsystem. The
fragmentations are very similar in both systems. The largestpeak in the
EMMS spectra corresponds to cleavage of the sulfonamidebond to give
the m/z 252 fragment. Thisprocess is characterized by two low energy
resonances in most of the sulfonamides except for sulfisoxazole and
sulfamethoxazole which have onlyone low energy resonance. All the
compounds show a weak highenergy resonance as well (Table 4.3).
The shape of these resonances is much different from that ofthe
parent compounds. All m/z 252 resonancesare characterized by a large,
narrow low energy resonance and a shorter, broader higherenergy
resonance with a very small, very high energy resonance several eV
above the stronger resonances (Figure 4.9). The lowestenergy resonance
corresponds to capture into theit framework of the trifluoroacetylated
portion of the molecule. Since this involves capture intothe it orbitals of
the fluorine atoms, theresonance would be expected to be tall and
narrow, as there is little variation in the anionic surface. The second
capture presumably involves capture into theIt system of the adjacent159
Table 4.3 Attachment energies required to produce
fragments observed in the gas phase negative ion
spectra of trifluoroacetylated sulfonamides.
Name Fragment
Mass
AE (eV)
Sulfabenzamide 252 0.13
0.88
4.72
Sulfacetamide 252 0.03
0.81
1.91
Sulfamethoxypyridazine 252 0.123
1.05
3.18
Sulfameter 252 0.05
0.62
3.52
221 -0.03
0.91
2.45
Sulfadiazene 252 0.12
0.77
3.58
Sulfamethazine 252 0.09
0.62
3.03
Sulfaisomidine 252 0.12
1.01
3.6
Sulfaisoxazole 252 0.289
2.42
Sulfamethoxazole 252 0.31
2.65Relative
Intensity
4
Electron Energy (eV)
Figure 4.9 Anion yield curve for the m/z 252 fragment of trifluoroacetylatedsulfameter.
Other compounds give spectra thatare similar in shape.161
aromatic ring and would be expected to be broaderas this bond can
stretch and compress somewhat, broadening the anionic surface.
Common fragmentation mechanisms observed in the NCIspectra
can be seen in Scheme 4.7.A molecular ionis observed for
sulfisoxazole only, while most of the other sulfonamides give the largest
fragment at m/z 251 which corresponds to cleavage of the sulfonamide
bond. The other major fragments observed correspondto loss of one
oxygen, loss of two oxygens and loss of SO2 from the ion with m/z 251.
Interestingly, the ion with m/z 252 is also present in appreciable
amounts which corresponds to loss of the amidegroup without the
proton transfer that occurs to form the m/z 251. Unlike their EMMS
spectra, sulfamethazine, sulfisomidine and sulfacetamide do not show
m/z 252 ions, but do show the protonated analogues of the m/z235
and m/z 219 fragments at m/z 236 and m/z 200 indicating that their
m/z 252 ion must not have a very long lifetime, and that therefore
decompose quickly intolighter fragments.Sulfisoxazole has no
fragment at m/z 251 and shows only the peak at m/z 252, indicating
that either proton abstraction is too slow to compete with direct cleavage
of the S-N bond or that proton abstraction is somehow being blockedby
the azole moiety.
The low energy resonance seen in the EMMS spectra ismost likely
due to electron capture into the fluorinated portion of the molecule,as
the resonance energies are essentially thesame for all the compoundsMW=251
0- 0-
F3C,,L
NH2
-VP. -
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Scheme 4.7Proposed mechanism for formation offragments in the gas phase
negative ion spectra of trifluoroacetylatedsulfonamides.163
studied. This indicates that derivitization of molecules with strongly
electron capturing groups could possibly nullify the benefit of the EMMS
system, that is, the new dimension of information, the unique electron
capture energy of a species. Because electron capture is a localized
process, a strongly electron capturing species such as the trifluoroacetyl
group will absorb the energy of the incoming electron into the
vibrational degrees of freedom and some of the surrounding molecules.
Portions of the molecule that are distant from the capture site will play a
small part if any in the electron capture process. While this technique
definitely increases the electron capture cross section of the molecules
of interest, it does so at the cost of the uniqueness of the electron
attachment energy.
The azoles studied tend to be a small amount higher in energy,
suggesting that gross structural changes in the molecule may actually
affect the resonance energies enough to make a difference in the case of
strongly electron capturing derivitizing agents. However, the difference
between sulfacetamide and sulfameter, two very different molecules is
very small with the trifluoroacetyl group added to the N4 portion of the
molecule. There is very little difference between the sulfabenzamide and
sulfacetamide low energy resonances as well, whereas there was a large
difference observed for the silylated species. This also seems to indicate
that the trifluoroacetyl group is capturing the incident low energy
electron.164
All the molecules show a weak, highenergy resonance that varies
from 1.9 eV for sulfacetamide to 4.72 eV for sulfabenzamide. The value
isidenticalforthepyrimidinecontainingspeciesand
sulfamethoxypyridazine, at about 3.5 eV and the azoles sharea common
value of about 2.5 eV. Clearly, the Ni substitution playsa part in the
value of this resonance, which is electron capture into the pi-systemof
this structural feature. This resonance is notvery strong, however, and
it would be difficult to use itas a diagnostic value for sulfonamide
identification.
Sulfameter is the only one of the species studied that shows
another fragment besides the m/z 252 ion. This extra fragmentis at
m/z 221 and can be rationalized as an acyl transfer of the trifluoroacetyl
group to the Ni nitrogen followed by cleavage of the sulfamide bond
(Scheme 4.8). This fragment is unique in EMMS spectra but is observed
for many of the other sulfonamides in traditional NCIspectra, including
sulfamethoxypyridazine, sulfamethazine, sulfisomidine and
sulfamethoxazole. Its absence in the monochromator is due to the
sensitivity of the instrument, as these ionsare not extremely intense in
conventional NCI spectra, which is currentlya more sensitive technique
than the prototype EMMS system used for the present studies.
Other interesting fragments which appear in NCI spectra butare
absent from the EMMS spectra have m/z 94 and 113 which correspond
to cleavage of the acetylated aniline nitrogen from the aromatic ring with4-e"
F
HN
Scheme 4.8Proposed mechanism for acyl transferin the electron monochromator
and negative chemical ionization spectra oftrifluoroacetylated sulfonamides.166
a proton transfer step. This proton transfer is presumably due to the
reagent gas, since proton transfer from the aromatic ring would be
unlikely following the C-N cleavage. These fragmentsare the largest in
the spectrum of sulfabenzamide,due to the stabilizing effect of the
benzyl acetylation on Ni, making the sulfonamide bondstronger than
for the other species. A molecular anion is observed forsulfisoxazole
only, which is most likely due to the fact that the proton transferstep is
inaccessible for this species.
4.5 Conclusions
Clearly, in the absence of buffer gassave the GC Helium carrier
gas, the most pronounced process for this class of compounds is the
cleavage of the sulfur nitrogen bond. The sulfonamidesare not strong
electron capturing species, but they are readily observed in theEMMS
system as negative ions. Derivitization aimed towards making the
molecules more amenable to GC analysisseems warranted only if the
derivitizing agent is not strongly electron absorbing,as electron capture
into electrophilic substituents begins to overshadowany difference in
electron capture energies that a similar class of compounds might show.
This behavior is demonstrated quite clearly in the shapes of the negative
ion resonances. While a non-electrophilic species suchas the silyl group
only broadens the resonances somewhat, the electrophilic trifluoroacetyl167
group completely changes the shape of the resonance as it dominates
the electron capture process. Still, a more suitable derivitizingagent for
use in GC-EMMS studies would need to be mildly electron attracting to
exploit the sensitivity boost derived from this type of modification,as the
electron releasing silyl group can actually prevent molecules from being
observed.
The EMMS system is clearly beneficial in studies suchas this
where traditional NCI methods give little useful information. With the
proper tuning of derivitizing agents or simply molecules that capture
electronsintheir own right,theextra dimension of analytical
information supplied by the monochromator is invaluable.168
5. Polychlorinated Biphenyls and Pressure Experiments
5.1 Historical and Environmental Significance
Polychlorinated biphenyls are a class of compounds that found
great utility as liquid dielectrics in transformers in the early part of this
century. Their use has gradually faded out when it was discovered that
they were carcinogenic, persistent in the environment and when burned,
produced dioxins, which are also known to be extremely hazardous
substances. Unfortunately, this type of compound was widely used for
many years, and is now an ubiquitous contaminant in the general
environment. The congeners of PCBs that contain chlorines on the 3
and 5 positions of both aromatic rings (meta to the biphenyl junction)
are considered to be "dioxin like" in their toxicity to humans, making
them a serious concern in the environment. Because of the difficulty in
obtaining the "dioxin-like" PCBs and because of the great cost of
disposal, this study focuses mainly on PCBs that are substituted on the
2 position (ortho to the biphenyl junction), which forces the rings to
adopt a non-coplanar conformation, allegedly reducing their toxicity.
The most toxic PCB congener, 3,3,5,5 PCB was also included for
comparison purposes. Unfortunately, little is known explicitly about the
toxicity of the various PCB congeners at this time, with the first major169
report on this class of compounds finally appearing at the EPA in
August 1994.
5.2 Electron Capture Negative Ion Spectra of PCBs
The PCBs in this study produced mainly chloride ionresonances
under EMMS gas-phase negative ion electron capture conditions (Table
5.1). Many of the congeners that containeda large number of chlorine
atoms also produced molecular ions. None of the tetrachlorinated PCBs
produced molecular ions except for the 3,3',5,5' PCB. This is likely due
to the fact that the 3,3'5,5' PCB is planar inits ground state
conformation, with a large, symmetrical low lyingit orbitallocated
across the entire molecule, while the ortho-chlorinated PCBs are forced
out of planarity by steric interactions of the chlorine atoms with
substituents on the adjacent rings. Molecular orbital calculationsat the
PM3 level of theory shows this to be the case (Figure 5.1).
5.3 Pressure Studies
As has been described previously, negative ionsproduced in the
electron monochromatormass spectrometer system possess excess
energy which is equal to the electron's kinetic energy plus the electron
affinity of the neutral molecule. Because of thisexcess energy, the170
Table 5.1Vertical attachment energies of
polychlorinated biphenyl molecular ions and
chloride ion fragments.
PCB congener
3 2'2 3
1 Molecular Ion
AE (eV)
Chloride Ion
AE (eV)
4.
2 (a) 0.95
2,2 (a) 0.76
2,3 (a) 0.73
2,3,4 (a) 0.48
2,3,4,5 (a) 0.92
2,3,4,5,6 0.41 0.89
2,2',3,3' (a) 0.87
2,2',4',4 (a) 0.88
2,2',5',5 (a) 0.68
2,2',6,6' (a) 0.78
2,2',3,3',5,5' 0.27 0.87
2,2',3,3',6,6' (a) 0.83
2,2'4,4',5,5' 0.27 0.52
2,2',4,4',6,6' (a) 1.07
2,2',3,3',4,4',5 0.45 0.75
2,2',3,3',4,4',6 0.45 0.68
2,2',3,4,4',5,5' 0.19 0.74
2,2',3,4,4',5,6 0.03 0.58
2,2',3,4,4',5',6 0.08 0.34
3,3%5,5' 0.44 1.07
(a) not observed1 2
Figure5.1Geometries of2,2'5,5'polychlorobiphenyl (1) and3,3',5,5'polychlorobiphenyl(2).
Both geometries were calculated using the semiempiricalPM3 method in Mopac97.172
probability that the molecular ion will undergo dissociative attachment
or autodetachment is high. This has the effect of shortening the ion
lifetimes, making the observation of molecular ions in the EMMS system
difficult. One way to stabilize these ions would be witha buffer gas
introduced into the ion source of the EMMS.
To test the ability of buffer gasses to stabilize molecular radical
anions, several were introduced into the EMMS system during the
analysis of 2,2'3,4'4',5,6 PCB and hexachlorobenzene. These included
methane, ethylene and helium.
An initial concern was that the presence ofa buffer gas would
cause dispersion of the electron beam and have the effect of reducing
the overall ion intensities. To test this possibility, the electron beam
current was measured with and without helium buffer gas present. The
presence of a buffer gas was not seen to affect the electron beam current
to any great extent (Figure 5.2). As the electron beam approached 0 eV,
the difference was almost undetectable.
To achieve the maximum ion intensity, it is preferable to tune the
monochromator to a fixed electron energy to achievemaximum
molecular ion production. Scanning the filament potentialtakes a small
amount of time, within which ions are not produced when theelectron
energy does not correspond to molecular negative ionresonance state
formation. Initally, hexachlorobenzenewas injected into the EMMS
system using methane as a buffer gas witha fixed filament potential of5
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Figure 5.2Filament voltage versus beam current measuredacross the ion source
at the electron collector electrode in thepresence of helium buffer gas at
approximately 6x10-5 Torr ofpressure and without buffer gas.174
approximately 0.06 eV, which is the known Emax value for production of
the HCB radical anion. The pressure of the buffer gas was adjusted from
0 to 30 mTorr. The ion intensity of the hexachlorobenzene radical anion
was observed to drop as the pressure became larger (Figure 5.3).
Because methane is known7° to have the ability of stabilizing other
molecules in gas phase studies due to its many energy absorbing
degrees of freedom, the experiment was repeated, using a scanning
filament potential (0-4 eV). In this experiment, a fourfold increase in
molecular ion intensity was observed with the largest stabilization at 10
mTorr (Figure 5.4). This indicates that there is some factor besides ion
beam scattering by the buffer gas that is affecting the ion intensities in
the constant filament potential experiment. The most likely explanation
is that the electron optics of the monochromator were being affected
adversely by the presence of the buffer gas, causing either a decrease in
the electron beam intensity or a change in the electron energy of the
beam. Therefore, all experiments after this point were conducted using a
scanning beam approach.
Ethylene was also chosen as a buffer gas. Stabilization of the
molecular ion of hexachlorobenzene was observed at approximately 20
mTorr of gas pressure, with only a twofold signal increase (Figure 5.5).
Unlike methane, however, the stabilization region is much broader,
reaching it's maximum at a higher pressure. Thereason for the sudden
drop in signal intensity is most likely due to the fact that atsome point,2000
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Figure 5.5Ethylene buffer gas pressureversus counts of hexachlorobenzene radical anion.178
the large amount of buffer gas molecules begin to force the sample
molecules out of the ion source before they can combine with the low
energy electrons present there.
Helium has been used extensively in CAD (collisonally activated
dissociation) reactions in mass spectrometry for mayyears and was also
chosen as a possible stabilizing gas in this experiment. Interestingly,
under these conditions, no stabilization was observedas the helium
buffer gas was introduced into the ionsource of the EMMS system
(figure 5.6). Helium does not containany degrees of freedom and can
only stabilize molecules through elastic collisons. The effect is extremely
small in the stabilization of radical anions in electron capture
experiments.
2,2'3,4,4',5,6 PCB was also investigated in thismanner. Its
behavior under methane buffer gas is similar to hexachlorobenzene,
with stabilization occuring at around 6 mTorr ofgas pressure.
Approximately a threefold increase in signal intensitywas observed
(Figure 5.7). Because the radical anion lifetime is beingincreased by
collisional stabilization,it would be expected that the intensity of
fragments produced from thesame anionic state as the radical anion
would decrease. To test this theory, the intensity ofthe chloride ion
produced by 2,2'3,4,4',5,6 PCBwas measured as a function of gas
pressure (Figure 5.8). The chloride ion intensity drops rapidly with
increasing gas pressure, down to four times less intenseat 23 mTorr.900
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Figure 5.8 Methane buffer gaspressure versus chloride ion counts from 2,2',3,4,4',5,6 PCB.182
Ehtylene was also investigated as a possible stabilizationgas for
thismolecule. Maximum stabilizationof the2,2'3,4,4',5,6 PCB
molecular ion was observed at around 6 mTorrgas pressure (Figure
5.9). Helium was also investigated. Lit leor no stabilization was observed
for the molecular ion of 2,2'3,4,4',5,6 PCB using this buffergas (Figure
5.10).0 2 4 6 8 10 12
Ethylene Buffer Gas Pressure (mTorr)
14 16 18
Figure 5.9Ethylene buffer gas pressure versus counts of 2,2',3,4,4',5,6PCB radical anion.280
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Figure 5.10 Helium buffer gaspressure versus counts of 2,2',3,4,4',5,6 PCB radical anion.185
6. Electron Energy Dependence of Regioselective Chloride Ion Loss
From Polychlorodibenzo-p-dioxins
6.1 Introduction
Polychlorodibenzo-p-dioxins(PCDDs)arewellknown
environmental contaminants that have garnered an unusual amount of
attention because of the extreme toxicities of some isomers71. Some
recent efforts to implement methods for analyzing trace levels of these
compounds depends on the use of electron capture negative ionmass
spectrometry (ECNIMS) which for some dioxins isa more sensitive
technique than iselectron impact ionization". The potential for
distinguishing positional isomers by ECNIMS also exists73,74.
The standard ECNIMS method to analyze these compounds
depends on the presence of a reagent gas in the ionsource to moderate
the electrons to thermal and epithermal energiesso that they can be
captured by the molecules to form radical anions. Thismethod,
however, produces not only thermalized electrons but alsopositive ions
and neutral molecules that can react to give unpredictableamounts of
adventitious product ions whose spectraare difficult to interpret75,76.
Wide variations in the energy distribution of theelectrons in different
instruments may also be a factor responsible forpoor reproducibility of
negative ion spectra from different laboratories77.186
A trochoidal electron monochromator attached to a quadrupole
mass spectrometer recently was tested for the analysis of environmental
chemicals78. The electron monochromator-mass spectrometer (EM-MS)
instrument uses crossed electric and magnetic fields to disperse a
population of electrons according to their energies thereby eliminating
the need for the reagent gas. Moreover, the energies of the electrons can
be tuned to match the negative ion resonance states of the ions of
interest.78Thischaracteristicof theelectron monochromator in
particular allows a more detailed investigation ofmechanisms of
negative ionproduction; an area in mass spectrometry that lags far
behind its counterpart of electron impact mass spectrometry.
The availability of pure regiospecifically enriched chlorine-37
isomers,79providedauniqueopportunitytoinvestigatethe
regiochemical dependency and mechanisms associated with reductive
dechlorinations on electron energies. The formation of ions of PCDDs
underelectroncapturenegativeionconditionsandquestions
concerning possible isotope effects were also examined.187
6.2 Determination of Regioselective Chloride Ion Loss.
The relative chloride ion loss was determinedas described
previously." Briefly, chloride ion loss from the postions is determined
from the observed (35C1)/(37C1)ratios by solving the simultaneous
equations
aX + Cy = IA
(1)
bx + dy = IB
where IA is the relative intensity of the 35 Cl- ion and Isis the relative
intensity of the 37 Cl- ion obtained from themass spectrum. The
coefficient c is the residual of 35C1 and d is the relativeexcess of 37C1
from regiospecific labeling. The valuex is the fraction of chlorine lost
from the unenriched position(s), andy is the fraction of chlorine loss
from the position enriched with 37C1. Natural abundanceof the chlorine
isotopes 35C1/37C1 was determined by mass spectrometryto be 0.7555
and 0.2445±0.0022.188
6.3 Results and Discussion
Preliminary results on the regioselective chloride ion loss from
polychlorodibenzo-p-dioxin congeners were reported on previously80,81.
The 35C1-/37C1- ion abundance ratiosfor a seriesof chlorine-37
regiospecifically enriched polychlorodibenzo-p-dioxins measured with
the EM-MS instrument show that the fraction of chloride ion arising
from the enriched position varies with the electron energy (Table 6.1).
Amongthisseries,1,2,3,7,8-pentachloro-,and1,2,3,4,7,8-
hexachlorodibenzo-p-dioxins were labeled in three different positions81
and because of symmetry, the latter represents an example in which all
possible positions were labeled.
Several aspects to these data provide confidence in the results.
First, a comparison of the fraction of 37C1- measured by standard ECNI-
MS on Kratos and JEOL instruments is close or very close to the
fraction of 37C1- measured at 0.03 eV on the EM-MS instrument (Table
6.2). It is well established that the distribution of electron energies
under standard EM-MS conditions is at a maximum close to 0 eV.72
Second, if the discontinuities at 0.5 eV for chlorine-7 and 1.0 eV for
chlorine-1 loss can be overlooked, the sum of the fractional 37C1- from
the enriched positions of 1,2,3,4,7,8-hexachlorodibenzo-p-dioxins when
doubled for symmetry, total to a value of around 0.97 at three different
electron energies.Finally, chloride ion ejection occurs with equalTable 6.1 - Chloride Ion Loss (%) form Regiospecifically Labeled
Polychlorodibenzo-p-dioxins at Various Electron Energies (eV)
Chlorodibenzo-p-dioxin 0.03 0.25 0.50 0.75 1 .00 1.25 1.50 2.00
1,2(37C1)-Di- 56.9 ± 1.1 60.4 ± 0.4 58.2 ± 0.8 60.2 ± 1.758.0 ± 3.6
1(37C1)3-Di- (a) 51.1 ± 2.2 50.5 ± 1.3 48.2 ± 1.948.2 ± 2.047.7 ± 1.750.2 ± 2.2
1(37C1)4-Di- 50.3 ± 1.1 50.4 ± 0.7 50.3 ± 1.0 49.6 ± 1.851.3 ± 4.3
2(37C1)3-Di- 50.1 ± 1.251.7 ± 0.850.0 ± 0.8 50.4 ± 1.0 50.9 ± 1.748.7 ± 1.8
1(37C1)7,8-Tri- 31.2 ± 1.4 31.3 ± 0.6 29.4 ± 0.7 31.6 ± 0.628.2 ± 1.2
2(37C1)7,8-Tri- 23.7 ± 2.1 21.6 ± 2.1 21.0± 1.8 19.5 ± 3.021.2 ± 4.5
1,2,3(37C1)-Tri- 41.9 ± 2.6 43.5 ± 0.5 45.8 ± 0.7 44.0 ± 1.450.9 ± 1.8
1(37C1)2,3,4-Tetra-m 19.1 ± 1.319.3 ± 1.219.0 ± 1.2 19.8 ± 1.4 22.7 ±2.227.5 ± 1.5
1(37C1)2,3,7,8- Penta -(c) 43.8 ± 1.343.3 ± 1.735.3 ± 1.633.8 ± 1.632.2 ± 3.0
1,2(37C1)3,7,8-Penta- 20.9 ± 1.8 22.2 ± 1.8 22.2 ± 2.9
1,2,3(37C1)7,8-Penta- 21.5 ± 1.621.9 ± 1.719.8 ± 1.624.4 ± 2.227.5 ± 2.432.9 ± 3.3
1(37C1)2,3,4,7,8-Hexa- 33.5 ± 0.832.7 ± 0.932.2 ± 0.730.2 ± 1.625.1 ± 2.225.9 ± 2.2
1,2(37C1)3,4,7,8-Hexa- 13.7 ± 0.8 12.8 ± 1.4 14.1 ± 1.4
1,2,3,4,7(37C1)8-Hexa- 2.2 ± 1.12.6 ± 1.35.8 ± 1.65.1 ± 1.67.6 ± 1.99.9 ± 1.9
(a) (37C1) ion loss at 1.75 eV is 48.6 ± 2.0%. (b) (37C1) ion loss at 1.75 eV is 24.5± 2.7%. (c) (37C1) ion loss at 0.38 eV is 42.1 ± 1.8%.190
probability or very close to it from the two positions for symmetrically
substituted2(37C1),3- and 1(37C1),4-dichlorodibenzo-p-dioxins at all
energies.
The latter result has special significance since some previous
studies have suggested there can be chlorine isotope effects of as much
as 40%,82 under mass spectrometry conditions and even the present
data (Table 6.2) indicate a discrimination against the loss of 37C1- that is
outside experimental error when analyzed by standard ECNIMS
methods. In fact in fourteen out of twenty measurements made by
standard ECNIMS on sector instruments, the chloride ion from the
labeled position is lower than that produced by the EM-MS system and
of the six that are higher, only three, 1,2(37C1)-dichlorodioxinon the
Kratosinstrument,and1,2,3(37C1)-tri-,and 1(37C1)2,3,4-
pentachlorodibenzodioxin on the JEOL instrument,are outside the
range of experimental error. The lower 37C1- yield may be due in part to
the difference in diffusion coefficients of the chlorine isotopes. Typical
ion source conditions in standard ECNIMS experiments are: an electric
field intensity E F.- 2 V/cm, and a pressure p= 0.5 Torr83. The parameter
E/p E... 2 VicmiiTorr which means that the motion of the ionin the
source can be described by a "low-field" approximation84. As a result
ions drift with a steady state velocity, lid, that is achieved througha
balance between ion acceleration in the ionfielddirection andTable 6.2 - Chloride Ion Loss from Regiospecifically Labled
Polychloridibenzo-p-dioxins
under Electron Capture Negative Ion Mass Spectrometry Conditions
Chlorodibenzo-p-dioxin EM-MS (0.03eV)Kratos MS50 JEOL DX-303
1,2(37C1)-Di- 56.9 ± 1.1 59.1 ± 0.8 54.6 ± 0.8
1(37C1)3-Di- 51.1 ± 2.2 50.4 ± 0.4 51.0 ± 1.0
1(37C1)4-Di- 50.3 ± 1.1 47.4 ± 0.3 47.0 ± 0.5
2(37C1)3-Di- 50.1 ± 1.2 48.9 ± 0.8 47.9 ± 0.4
1(37C1)7,8-Tri- 31.2 ± 1.4 29.1 ± 0.5
2(37C1)7,8=Fri- 23.7 ± 2.1 19.6 ± 1.5
1,2,3(37C1)-Tri- 41.9 ± 2.6 40.2 ± 0.8 44.4 ± 1.5
1(37C1)2,3,4,-Tetra- 19.1 ± 1.3 17.8 ± 0.6 25.7 ± 1.3
1(37C1)2,3,7,8-Penta- 43.8 ± 1.3 41.6 ± 0.4
1,2(37C1)3,7,8-Penta- 20.9 ± 1.8 21.8 ± 0.4
1,2,3(37C1)7,8-Penta- 21.5 ± 1.6 19.2 ± 0.5
1(37C1)2,3,4,7,8-Hexa- 33.5 ± 0.8 33.2 ± 0.6
1,2(37C1)3,4,7,8-Hexa- 13.7 ± 0.8 14.3 ± 1.0
1,2,3,4,7(37C1)8-Hexa- 2.2 ± 1.1 2.5 ± 0.3
(a) Methane used as reagent gas at 0.6 Torr192
deceleration by collisions with reagent gas molecules. The mobility
coefficients, K, are directly
= K E (2)
proportional to the diffusion coefficients of the ions. Thus, the heavier
37C1- moves slowly and remains in the ion source about 1.0-1.5% longer
than 35C1- which provides a greater opportunity for the heavier ions to
undergo ion-ion or ion-molecule reactions with neutral or charged
species generated from the reagent gas. Although other explanations are
possible, it is clear from the data (Table 6.2) that isotope effects are not
important and this is a critical requirement for interpreting the results
from studies on regioselective Cl- loss using monoenergetic electrons.
The electron energy required to record the maximum molecular
radical anion intensity, Emax ,does not vary much with the degree of
chlorination of the dioxin molecules. This phenomenon is observed for
five congeners ranging from trichloro- to hexachlorodioxins, which show
negative ion resonances within the narrow electron energy range 0.09 eV
(Table 6.3). Lower chlorinated dioxins yield no apparent molecular ions
which is consistent with the known behavior of these compounds when
analyzed under standard ECNI-MS conditions85.
When the electron energy is scanned over the range 0-9eV with
the mass set to record the 38C1- abundance, maxima around 0 and 4eV193
(Figure 6.1) are clearly observed for all dioxins.The low energy
resonances appear atslightly higher electron energies than the
corresponding ones for the formation of the molecular ions. Most of
these low energy peaks are non-Gaussian, and several of them show
evidence near the top of the peak that they consist of at least two peaks.
Deconvolution of the major peak near 0eV with a non-linear curve-fitting
algorithm indicates there is another negative ion state located around 1
eV electron energy for alldioxins (Figure 6.1, Table 6.3). There is
precedence for the two low energy peaks, as it has been reported that
halobenzyl halides substituted with bromine and chlorine on the
benzylic and ring carbons, show a shoulder on the high energy side (0.5
eV) of the dominant resonance peak near 0 eV86. The deconvoluted data
for all of the polychlorodioxinsindicate that Emax values for the first
negative ion stateare associated withslighly lower electron energies
than would otherwise be suggested by the non-deconvolutedscans. The
E. values obtained from deconvolution decrease with the degree of
chlorination which is consistent with a lowering of the orbital energies
as the number of chlorines on the molecules increase.'6
A general conclusion that can be drawn from these results (Table
6.1)is that chloride ion is likely produced from themore highly
substituted ring of the ionized dioxin. This is clearly evident in thecase
of 2(37C1)7,8- and 1(37C1)7,8-trichlorodioxins which lose 77%and 69%
respectively of the chlorines from the 7- or 8- positions at the lowest500
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Figure 6.1Electron energy scan for 350- ion loss from 1 (37C1),7,8-
trichlorodibenzo-p-dioxin under electron capture negative ion
conditions using the electron monochromator-mass spectrometer.195
electron energies. This pattern is also observed forpentachloro- and
hexachlorodioxins which lose 86% and 94% of the chlorines from the
more highly substituted ring at 0.03 eV electron energy. In each of these
examples most of the chloride ion comes from the more substituted ring
even at higher ionizing electron energies. The higher rates of chlorine
loss from the more substituted ring might be rationalized on the basis of
classical steric relief or stabilization of the radical by the electron-
withdrawing chlorine atoms.
Regioselective loss of chloride ions from ionized dioxins generally
appear to be dependent on the energies of the ionizing electrons.
Chlorines at the 2-position or perhaps more correctly, the (3- position,
however, appear to be somewhat less sesitive to the electron energies at
least within the limits 0-1 eV. This pattern is observed for 2(37C1)7,8-
trichlorodioxin andfor 1,2(37Cll-dichlorodioxin over a 2 eV electron
energyrange.Theeffectisparticularlystrikingfor1,2,3,7,8
pentachloro- and 1,2,3,4,7,8-hexachlorodioxins, where losses at other
positions in comparison are dramatically more sensitive to the ionizing
electron energies. It is possible, of course, that chlorine loss from the 2-
position in these compounds is more important with electrons of
energies greater than 1 eV. This seems to be suggested by the results
for 1(37C1)2,3,4-tetrachlorodioxin where chlorines in the 2-position show
greater sensitivity to the energy of the ionizing electron in the range 1-2196
eV. In this example about 40% of the chloride ion comes from the 1- ( +4-
)- position at 1.0 eV and rises to about 55% at 2 eV. By difference
chloride ions from the 2-(+3)-positions must decrease by 15%over this
energy range.
Because different positions were labeled in several pentachloro-
and hexachlorodioxins, these congeners provide the better models for
analyzing the effects of electron energy on regiochemistry of chlorideion
loss. The percentage of chloride ion arising from the 1-positionin both
1,2,3,7,8-pentachloro-and1,2,3,4,7,8-hexachlorodioxinsdecrease
rapidlybetween0.03and1.0eVwhilechlorine-3from
pentachlorodioxin and chlorine-7 from the hexachlorodioxincongener
increase over this range. Chloride ions clearly arise from all positions of
the dioxins, but the fractional amounts from thesepositions vary with
the electron energies.
Unfortunately, it was not possible to acquire accurate 35C1/37C1
ratio information at electron energies greater than 2eV because ofthe
low detection sensitivity. The negative ion state whichappears at - 4eV
(Fig. 6.1) is only 1/10th -1/20th the intensity of the peaknear OeV. But
the trends suggest that while chlorideions arise mostly from the 1-
position in pentachloro- and hexachlorodioxins at low electronenergies
(Fig.6.2),agreaterfractionmayarisefromposition-7in
hexachlorodioxin at the higher electronenergy, i.e.Emax = 3.8 eV.
Pentachlorodioxin shows a rise in the chlorine lostat position-3 as the9'
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electron energy is increased from 0 to 1 eV, but the total fraction of
chlorine accounted for decreases from 0.86 to 0.74 over this energy
range. An increased fraction of the chloride ion must, therefore, come
from positions-7 and -8 at 1 eV and this trend may continue so that a
significant fraction of chloride ion arises from these positions at 3.8 eV.
Interestingly, the halogens on the benzylic positions of di-substituted
halobenzyl halides undergo dissociative attachment at low electron
energies, while at higher energy (4.5 eV) the halogen is lost from the
phenyl ring.17 Thermodynamic and orbital symmetry arguments were
used to account for the loss of the benzylic halide at low electron
energies and the loss of the phenylic halide at 4.5 eV was ascribed to a
singlet excited state that resulted in a symmetry-allowed dissociation.
There are two importantprocesses for production ofions in
electron capture negative ion mass spectrometry. These are resonance
electroncapturethatproducesdetectablemolecularionsand
dissociative electron capture which results in fragment ions. In the
simplest interpretation these processes can be viewed as the capture of
an electron by the molecule in its electronic ground state which gives
rise via a Franck Condon transition to a radical anion in a higher
electronic state. If one accepts this simple vertical transition,a direct
comparison of the electron attachment energies between the two
processes can be made.In one process,i.e.resonance capture,
stabilization of the radical anion (eq. 1) takes place bysome mechanism-199
-in ECNIMS the buffer gas helps to remove excess energy--and the ion is
sufficiently long-lived (E-10-6 s) to be detectable. In dissociative electron
capture the radical anion has a very short (10-13-10-15 s) lifetime and
only fragment ionsare detected from this transient negative ion. The
resonance involved is
RX + e- -4 RX-.
RX + e-[RX--]--> R + X-
(3)
referred to as a shape resonance and arises from an attractive potential
due to the electron-dipole interaction, and a repulsive potential from the
angular momentum of the electron associated with a given orbita157. The
opposing potentials create a shallow potential well on the continuum
where the electron is temporarily trapped.
Using Koopman's theorem,Staley and Strnad13correlated
experimentalelectronattachmentenergiesobtained by electron
transmission spectroscopy, with itnegative ion resonance states that
were calculated by variousab initiomethods. An excellent linear
correlationwasfoundfromcalculationsperformedatthe
HF/D95v//MP2/6-31G* level of theory. A similar approachat the
B3LYP /D95 / /B3LYP /D95 level was used tocalculate theorbital200
energies for the polychlorodibenzo-p-dioxins in this study. Geometry
optimizations were performed on the neutral ground states, thereby,
allowing a comparison of the orbital energies of both themolecular
andfragment ions. Using the averaged experimental attachment
energies forsubstituted benzenes tabulated by Staley and Strnad,19
and the experimental Emax values obtained from the EM-MS instrument
for the polychlorodioxin molecular ions and chloride ions an excellent
correlation with the calculated TC* orbital energies was obtained (Fig.
6.3). From the regression line (eq. 3) where x is the calculated orbital
energy;
Ecaic. = (x + 1.87417)/1.146795 (4)
the predicted electron energies were obtained (Table 6.3). The agreement
between the experimental and calculated values (Table 6.3) is excellent
with differences in the energies for most of the state <0.1eV.
Using 1,2,3,7,8-pentachlorodioxin as an example to show the
nature of the virtual orbitals and their calculated energies (Fig. 6.4, 6.5),
the most impressive result that emerges from these relationships is that
all of the ions are predicted to arise from n* states.This observation
that electrons are not captured into a orbitals follows from the initial
description of the repulsive centrifugal interaction between the molecule
and the electron that the electron mustovercome to autodetatch from12
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Yellow boxes represent orbitals that correlate with measured
vertical attachment energies using the electron
monochromator mass spectrometer system.204
the molecule. Because the repulsive interaction variesas W+1)/2r,
where i is the angular momentum quantum numberand r is the
distance between the electron and the molecule, the value of£ for the
electron must be greater than one in order for Vrepulto be nonzero. This
leads to the rule that s waves tend not to lead toresonances, but p,d
and f waves, all with higher.e values, can lead to resonances. The
molecular ions recorded for the five dioxins (Table 6.3)are predicted to
involve LUMOs, and the first resonance states for the chlorideions from
eachofthedioxins,involvethe LUMO +1.For1,2,3,7,8-
pentachlorodioxin, the resonance peaks at 0.97 eV and 3.78eV (Table
6.3) electron energies correspond to virtual orbital energies-0.75eV
(LUMO +5) and 2.46 eV (LUMO + 10)(Table 6.4). A similarpattern is
found for the other dioxins although different virtual orbitalsmay be
associated with the higher energy resonance states.
The main question at this point is how the captured electrongets
from a 7t* to a cs* orbital; an event that issymmetry forbidden, but
necessary for loss of the chloride ion. One possibility is that the relevant
TC* state is close in energy to a a* state permitting mixing of these
orbitals as the carbon-chlorine bond stretches. Close inspection of the
virtual orbital energies for 1,2,3,7,8-pentachlorodioxin (Fig. 6.4, 6.5), for
example, shows that the LUMO + 2 orbital is only 0.04eV higher in
energy than the LUMO +1 and the LUMO +5 virtual orbital, whichTable 6.3- Resonance Electron Energies (eV) for Ion Formation from
Polychlorodibenzo-p-dioxins
Chlorodibenzo M- M-? 35C1- 03) 350-(c) (Exp.) 35C1- (Calc.)(a) elel(e)
-p-dioxin Eif_pj (Calcaca)
1,2(37C1)3,4,7,8-Hexa-0.12± 0.06 -0.140.22± 0.02
1,2, 3,4,7,8-Hexa- 0.23 //1.2 // 3.83(d)0.09//1.21//3.660.14//0.00//0.17
1,2,3,7,8-Penta- 0.20± 0.06 0.010.33± 0.050.18//0.941/ 3.830.21//0.98//3.780.03//0.04//0.05
1,2,4,7,8-Penta- 0.16±0.05-0.040.27± 0.030.16//0.98//3.830.25//0.97//3.760.09//0.01//0.07
1(37C1)2,3,4-Tetra- 0.11± 0.05 0.080.41± 0.030.40//1.50// 3.98(d)0.19//1.26//3.990.21//0.24//0.01
1,2,3(37C1)-Tri- 0.16 0.360.45± 0.040.38//1.08// 4.220.46//0.82//4.130.08//0.26//0.09
1(37C1)7,8-Tri- 0.47 0.36//1.06// 4.230.33//1.29//4.100.03//0.23//0.13
2(37C1)7,8-Tri- 0.52 0.40//1.28// 4.050.31//1.28//4.070.09//0.00//0.02
2(37C1)3-Di- 0.55± 0.030.45//1.21// 4.080.54//1.58//4.310.09//0.37//0.23
(a) Orbital energies, x, calculated by B3LYP/95//B3LYP/D95method. Predicted energies from regression line:
?= (x -1.87417)/1.146795. (See Discussion).
(b) First experimental (37C1)-resonance peaks were not deconvoluted.
(c) First (37C1)- resonance peaks deconvolutedwith a non-linear curve fitting algorithm.
(d) Data obtained at 30-400 above normal ionsource temperature.
(e) Absolute difference between calculated andexperimental ?max values for chloride ion dissociative resonance.206
Table 6.4Experimental and calculated attachment energies for
aromatic compounds. All calculated energieswere produced by
applying Koopman's theorem witha linear scaling relationship
generated from this dataset.207
Compound AE (eV) exp. AE (eV) calc.Molecular Orbital E
(eV)
Benzonitrile 0.58 0.14 -1.708
2.5 2.07 0.501
Benzene 1.07 1.42 -0.244
4.88 4.93 3.784
8.85 8.89 8.316
Chlorobenzene 0.825 1.00 -0.727
1.74 2.07 0.494
4.59 4.60 3.396
8.22 8.43 7.790
Phenol 0.883 1.30 -0.385
1.69 1.63 0.001
4.85 4.59 3.386
Styrene 0.25 0.64 -1.145
1.05 1.39 -0.282
2.48 2.72 1.246
4.67 4.72 3.538
Toluene 1.19 1.47 -0.191
4.89 4.93 3.782
8.37 8.31 7.658
123478 HCD 0.12 -0.14 -2.031
0.23 0.09 -1.775
1.21 0.86 -0.888
3.83 3.66 2.324
12378 PCD 0.2 0.01 -1.862
0.18 0.21 -1.630
0.94 0.98 -0.753
3.84 3.78 2.460
1234 TCD 0.11 0.08 -1.786
0.4 0.19 -1.654
1.5 1.26 -0.429
3.98 3.99 2.702
123 TCD 0.16 0.36 -1.464
0.38 0.46 -1.351
1.08 0.82 -0.938
4.22 4.13 2.856
12478 PCD 0.16 -0.04 -1.920
0.16 0.25 -1.589
0.98 0.97 -0.760
3.83 3.76 2.437
178 TCD 0.36 0.33 -1.497
1.06 1.29 -0.390
4.23 4.10 2.832
278 TCD 0.4 0.31 -1.513
1.28 1.28 -0.408
4.05 4.07 2.794
23 DCD 0.45 0.54 -1.256
1.21 1.58 -0.060
4.08 4.31 3.065208
corresponds to the experimental resonance at 0.97 eV, is just 0.15 eV
below the LUMO +4. Interestingly, the experimentalresonance peak at
the higher electron energy, i.e. -3.8eV is 1.36 eV above the nearest
virtual a orbital. It is suggested in this case that the electron is captured
into a singlet excitedTc*state of the neutral molecule, which would
permit a symmetry-allowed carbon-chlorine bond fragmentation88. All of
the dioxins studied display this behavior. The lower virtual7C orbitals are
all within 0.5 eV of the nearest a orbital, while theupper resonance is
associated with a 7C orbital that is more than 1 eV away from the nearest
a orbital. It is alsonoteworthy that the orbital density of both the
LUMO +1 and LUMO +2 (Fig. 6.4) is concentratedon the ring from
which the chloride ion arises and in the next higher orbitals, LUMO +4
and LUMO +5 the orbital density is shifted more towards the ring
containing chlorines 7 and 8 consistent with more chloride ion loss from
these positions.
The bent bond model 89 whereby the chlorine rotates into the
plane of the TC* orbital as the carbon-chlorine bond stretches providesa
model fora*-7t*mixing.Itwould be enlightening tocarry out
calculations on geometry optimized models with different carbon-
chlorine bond lengths.209
7. Experimental Methodology
7.1 General Procedure for Acquiring Gas-Phase Negative Ion Spectra
on the Electron Monochromator-Mass Spectrometer System.
The electron monochromator-mass spectrometersystem used in
all the gas-phase electron capture experiments in this workis based on
the original design of Menberger.90 The electron monochromatorportion
of the modified ion source is shown schematicallyin figure 7.1. This
electron monochromator was interfaced toa Hewlett Packard 5982A
quadrupole mass spectrometer. All gas chromatographywas carried out
using a Hewlett-Packard 5710A gas chromatograph connectedto the
mass spectrometer by a heated transfer line. Samples thatwere
introduced using the GC interfacewere done so with splitless injection
through a DB-5 30M x 0.25 mm i.d. capillarygas chromatography
column. Other samples were introduced into theion source using an
unheated direct probe.
All data was acquired by counting andstoring pulses from a
spiraltron detector (Detech) in a multichannel analyzer(Ortec) inside a
Hewlett-Packard 386 personal computer. The electronenergy scale was
generated by converting the channel number from thedata generated by
the multichannel analyzer into electronenergy after establishing an
empirical linear relationship between channelnumber and electron
energy using a known reference compound. Inallexperimentsion extraction reaction chamber optics
deflection
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Figure 7.1Schematic illustration of the electron monochromator ionsource used in these
experiments.211
hexafluorobenzene was used as the calibrant, as the electron energies
required to produce its ions in electron capture experiments are
generally agreed upon.91 These resonances are at 0.03, 4.55 and 8.3 eV.
In most experiments, the quadrupole was operated in SIM mode,
while the filament potential was ramped quickly from -2 to 10 eV by
means of a function generator. The data generated was converted from
an intensity versus filament potential plot to an intensity versus electron
energy plot using commercial peak fitting software (Peakfit, Jandel
Scientific). Using standard non-linear curve fitting routines, the peaks
observed were deconvoluted using gaussian functions. In all cases, the
single values reported for vertical attachment energies in this work
represent the maximum value of the curve fitted gaussian function (cm.
value). All attachment energy values reported in this workare averages
of approximately 3-20 runs for any given ion.
For comparison, all compounds were also run on a Finnegan 4023
EI/NCI mass spectrometer in electron impact mode and negative
chemical ionization mode. Unlessitisindicateddifferently,all
compounds were run on a DB-5 10m x 0.25mm i.d. capillary column
from 70-320 degrees Celsius at 20 degreesper minute in these
experiments.212
7.2 Computational Studies
All quantum mechanical calculations were performed using the
Gaussian 94 program92. This program was run on a DEC Alpha, Intel
Pentium Pro 200 MHz personal computer, Intel Pentium 200 MHz
computer (Dell coorporation), and a Cyrix PR200+ based personal
computer.MolecularstructureswerebuiltusingHyperchem
(Hypercube,Inc.) and Chem3D (Cambridgesoft,Corp.) Schematic
representations of molecular orbitals were produced using Chem3D and
the Molden program (Gjis Schaftenlander, Netherlands). Schematic
diagrams of molecular structures were rendered using the POV-RAY
raytracing engine (POV, Inc.).
Geometry optimizations on the organophosphateswere typically
performed using only a Hartree-Fock wavefuntion withno electron
correlation save that implicit in the Hartree-Fock technique. Singlepoint
calculations were performed using the B3LYP method.93 This methodis
a hybrid method, which includes a mixture of Hartree-Fock exchange
with DFT exchange-correlation. Frequency calculationswere done on
selected molecules to ensure that the minimizedgeometries were global
minima. All other computational parameterswere left at the default
Gaussian 94 values including theuse of direct inversion of iterative
subspace (DIIS) and the direct SCF method.213
Calculations performed on the dioxin congeners were done at the
B3LYP/D95//B3LYP/D95levelof theory.This includeselectron
correlation using Becke's hybrid functional' and Dunning's D95 basis
set.94 The D95 basis set has been shown to give better results for
correlations between virtual orbital energies and vertical attachment
energies'. This is due to the fact that it contains diffuse functions that
seem to avoid the common pitfalls of gaussian basis sets including
variational collapse. All orbitals were plotted using Cambridge Soft's
Chem3D 4.0. The dioxin molecules were geometry optimized with and
without symmetry restrictions where applicable; the lowest energy
structure being taken as the best description of the molecule of interest.
In all cases, the symmetrical molecule was found to be the lower energy
structure.
7.3 Synthesis and Analysis of Organophosphates
All the organophosphates were synthesized using a well established95
classical coupling procedure (Scheme 7.1, A). This method is used
frequently to convert phenols into primary aromatic amines96 and to
remove the hydroxyl group from phenolic groups97. The procedure used
here is also the same one used to synthesize parathion commercially98OH +NaOH
--.......
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Scheme 7.1Synthesis of parathion and paraoxon derivatives.215
7.3.1 Procedure for Organothiophosphates
One equivalent of para substituted phenol is dissolved in 20 ml of
anhydrous ethanol under nitrogen with vigorous stirring. 1 equivalent of
NaOH is added to the stirred reaction mixture and allowed to dissolve
over the course of an hour. After the NaOH has completely dissolved, the
reaction mixture is rotary evoprated to dryness and pumped under high
vacuum overnight. The reaction flask is then brought up to atmospheric
pressure by bleeding nitrogen gas into the reaction flask so as to prevent
atmospheric water condensation. The dry solid is then dissolvedin 30
ml of anhydrous toluene and attached toa reflux condenser. Under
nitrogen, 1.1 eq of diethylchlorothiophosphate is added to 25 ml of
anhydrous toluene and this solution is added at the rate ofone drop per
second by use of a pressure equalizing dropping funnel to thestirring
phenolate mixture. After all visible signs of reaction have ceased,the
reaction is refluxed for several hours to complete thereaction. The
reaction is then filtered using a Buchner suction filtrationapparatus
and the filtrate is rotary evaporated toa syrup. This dark brown syrup is
dissolved in 50 ml anhydrous ether and washedonce with saturated
sodium phosphate solution andonce with distilled, de-ionized water.
The ether layer is dried by filtration throughanhydrous sodium sulfate
and concentrated down using a rotoevaporatorto yield the final crude216
product. The amounts of reagents used and crude yieldsare reported in
table 7.1. The main by-product of these reactionswas identified using
theNIST searchdatabase,and wasfoundtobetetraethyl
pyrothiophosphate (TEPP), the well-known hydrolysis by-product of
diethyl-chlorothiophosphate. More rigorous drying would benecessary
in future syntheses of these compounds to prevent the formation of this
compound. No other by-products were detectedsave unreacted phenol.
1. Chloroparathion
11-1 NMR data: 5 1.32-1.38 (m, 6H) 4.17-4.27 (m, 4H) 7.05-
7.08 (m, 2H) 7.43-7.46 (m, 2H)
Exact mass: 280.00890 Calculated: 280.00898
2. Bromoparathion
11-1 NMR data: 5 1.30-1.39 (m, 6H) 4.17-4.28 (m, 4H) 7.05-
7.08 (m, 2H) 7.43-7.47 (m, 2H)
Exact mass: 323.95850 Calculated: 323.95846
Other compounds were verified using EI andNCI mass spectral
data. The NCI spectra are presented in AppendixA.Table 7.1Reagents used in the synthesis of the parathion derivatives.
Parathion
Derivative
Amount ofAmount of
NaOH (mg)
Amount of Amount of
EtO-FLCI
EtO (m gj
Amount of Percent
Yield HO*X Na+ -0. 00it
, i
(mg) (mg)
P,,szrS
)
(mg)
Cl 100.5 30.5 127.5 146.77 150.5 68.94
Br 98.8 22.8 153.9 107.7 120.5 64.92
F 110.4 40.0 105.8 185.7 130.0 49.98
I 70.5 12.8 190.9 60.4 68.0 57.04
CN 100.4 33.74 111.2 159.1 135.0 59.00
OMe 90.5 29.2 115.2 137.6 120.0 59.57
H 105.6 45.0 91.54 211.89 180.0 65.13
Me 120.3 44.5 102.6 210.09 210.0 72.51218
7.3.2 Procedure for Organooxophosphates
The procedure used to produce the paraoxon derivatives was
identicaltothatoftheparathionderivatives,exceptthat
diethylchlorophosphate was used instead of diethylchlorothiophosphate.
Results from these reactions can be seen in table 7.2.
7.3.3 Purification of Organophosphates
Allcompoundswerepurifiedbyhighpressureliquid
chromatography. Compounds were eluted across a 10x5Omm silica gel
normal phase column (51.1.) at 0.5m1 min using 1:1 hexane/ethyl acetate
and detected using a Waters single wavelength UV detector set at 254
nm. Fractions were collected as the sample eluted off the column. These
fractions were independently tested for purity using a Varian 3400gas
chromatograph with a 10m DB 5capillarycolumn that was
programmed to run from 50-300 degrees Celsius overa 20 minute
period. An electron capture detector was used for compound detection.
Fractions deemed to be over 99% pure were combined and concentrated
on a rotary evaporator. All compounds were then re-dissolved in ethanol
and analyzed on a Finnegan 4023 mass spectrometer witha Varian
3400 gas chromatograph through a 10 m DB5 capillary column.TheTable 7.2- Reagents used in the synthesis of the paraoxon derivatives.
Paraoxon
Derivative
Amount ofAmount of
NaOH (mg)
Amount of Amount of
Et0--p,c,
E td (mg)
Amount of Percent
Yield HO*X Na4 -0* \.00*
(mg) (mg)
13/....
d -o
)
(mg)
Me 101.4 37.55 102.6 161.48 120.0 52.38
I 90 16.36 190.98 70.36 89.0 61.11
Cl 98.4 30.75 118.38 132.22 140.4 69.17
Br 105.2 24.46 153.10 105.2 125.6 66.67220
temperature was programmed 80 - 320 degrees Celsius at 20 degrees
per minute and mass spectral analysis was performed under EI and NCI
modes to determine purity and to confirm identity. All compounds were
over 99% pure before being used in the electron monochromator mass
spectrometer. Compounds were also analyzed by high-resolution mass
spectrometry and NMR spectroscopy to confinn identities. Parathion
and Paraoxon were purchased from Accustandardcorp and were
certified 99% pure.
All thions were analyzed in the EMMS using direct probe
insertion. All oxons were run using direct probe insertion and bygas
chromatography. Approximately 5 mg of samplewas dissolved in 2 ml of
anhydrousanalyticalgradeethanol.Sampleswerethengas
chromatographed using a DB-5 30Mx0.25 mm i.d. capillary column
with splitless injection on a 300 degree injector. The temperaturewas
ramped from 50 degrees Celsius to 280 degrees Celsius at 16 degrees
per minute. The transfer line was maintained at 280 degrees Celsius. All
values quoted in this work are the result of at least 3 averaged values.
7.4 Analysis of Phthalates
All of the phthalates studied in this workwere purchased from
Chem Service, Inc.. All were certified 99%pure and were not further
purified. NCI spectra were obtained from the Finnegan4023 prior to221
being run on the EMMS system using the conditions described above.
All compounds were run using direct probe insertionon the EMMS
system.
7.5 Analysis of Polychlorinated Biphenyls
All of the PCBs studied in this work were purchasedas 100m per
milliliter solutions in hexane from Accustandard andwere not purified
further before useage. NCI spectra were obtained from theFinnegan
4023 prior to being run on the EMMS system.
7.6SynthesisofSulfonamideDerivativesand Analysisof
Sulfonamides and Their Derivatives
All of the sulfonamides were purchased from Sigma/Aldrich
chemical company and analyzed without further purification.NCI
spectra for the sulfonamides were obtained by direct probeinsertion on
the Finnegan 4023 mass spectrometer prior to analysison the EMMS
system and are tabulated in Appendix B.
Trifluoroacetylated derivatives were made by dissolvingone crystal
(-5 mg) of the sulfonamide to be acetylatedin 10 pi of anhydrous
derivitization grade pyridine. One microliter of thissolution was then
transferred into a sealed 500111 derivitization vialvia a syringe through a
Teflon septum. One hundred microliters ofderivitization grade pyridine222
was then added to the vial via syringe through the Teflon septum. N-
methyl bis trifluoroacetamide (30 pi) was then added to the derivitization
vial. The vial was heated at 50 degrees Celsius for1hour. Ten
microliters of this solution was then diluted in another derivitization vial
with 90 Al of derivitization grade acetone. Compounds were then
analyzed using the Finnegan 4023 mass spectrometer. NCI spectra for
these derivatives are tabulated in Appendix B.
Tert-butyldimethylsilyl derivatives of the sulfonamides were made
by first dissolving one crystal (-5 mg) of the sulfonamide to be silylated
in 50p1 derivitization grade acetonitrile followed by addition of 101i1 of
bis-( tertbutyldimethylsilyl )trifluoroacetamide. The vial was heated at 60
degrees Celsius for 2 hours. Ten microliters of this solutionwas then
transferred via syringe into another derivitization vial and diluted to
100111 with derivitization grade acetonitrile. Compoundswere then
analyzed using the Finnegan 4023 mass spectrometer. NCI spectra for
these derivatives are tabulated in Appendix B.
The underivatized sulfonamides were analyzed in the EMMS
system using an unheated direct probe. The trifluoroacetylated and
silylated derivatives were introduced into the EMMS systemusing gas
chromatography. This was accomplished by injecting 1111 of sampleonto
a DB-25 30m x0.25 mm i.d. silica capillary column with a 300 degree
injector which was split at 45 seconds after injection. The temperature
was ramped from 90 degrees Celsius to 300 degrees Celsius at 32223
degrees per minute with an initial 4 minute hold time at 90 degrees. The
transfer line was maintained at 280 degrees Celsius. Common retention
times were approximately 5 to 6 minutes after injection.
7.7 Pressure Experiments
Standards of hexachlorobenzene and 2,2',3,4,4',5,6 PCBwere
used for this study are described above. For thepressure experiments,
the ion exit aperture of the source volume was reduced to lmm from
1 cm. This design contains an isolated extraction plate which is held ata
small positive potential (0.2 V) to facilitate negative ion extractionout of
the source. Helium was used as the carriergas in gas chromatic
introduction of the sample analyte.
The pressure in the ion source was measured usingan MKS
capacitive manometer. An absolute transducer (Model 315)was
connected to the ion source with a 0.25 inch diameter tubeinserted
through the solid probe port. A buffer gaswas then introduced by a
0.0625 inch diameter capillary inserted within the 0.25 inchtube of the
transducer. All negative ions were recorded by setting thequadrupole to
a single mass value and scanning the filament potential. Allgasses were
obtained from Industrial Welding Supply,(Corvallis, OR) and are
certified 99.999% pure.224
Gas chromatographicintroductionofsamplemolecules was
accomplished by injecting 1121 of sample onto a DB-25 30m x 0.25 mm
i.d. silica capillary column with a 320 degree injector which was split at
45 seconds after injection. The temperature was ramped from 70
degrees Celsius to 300 degrees Celsius at 32 degrees per minute with an
initial 4 minute hold time at 90 degrees. The transfer line was
maintained at 300 degrees Celsius.
7.8 Dioxin Studies
None of the experimental measurements in the dioxin studiess
were performed by the author of this thesis, but all computations on
this data set were. Data on the electron monochromator was collected
by Dr. Vadim Berkout. The synthesis of the labeled dioxinswas carried
out by Dr. Kenneth Hoge land.
7.8.1 Negative Ion Mass Spectrometry.
Electron energy dependent regioselective loss of chloride ions and
analysis of negative ion resonances (NIRs)were performed on an HP
5982A dodecapole mass spectrometer retrofitted withan electron
monochromator (EM-MS) that creates a well-defined andnarrow beam
(0.1 eV) of tunable electrons over an energyrange of 0.2-15 eV."225
Calibration of electron energies was achieved by reference to known
energies of electrons captured by hexafluorobenzene (M--, Ema. = 0.03;
C6F5-', Emax = 4.5 and 8.3 eV)." Calibration was performed immediately
before and after data acquisition. The polychorodibenzo -p- dioxins were
introduced into the instrument by splitless injection on an HP 5710A
gas chromatograph equipped with a DB-5 10m x 0.25mm i.d. capillary
column with 0.25 gm film thickness.The 35C1-/37C1- ion abundance
ratios were recorded at specified electron energies. The reliability of the
ratio measurements were checked against the natural abundance ratio
of chlorine isotopes produced from CH2C12in the EM-MS instrument.
Comparative data for chlorine anion loss from PCDDs were acquired on
double focusing JEOL DX-300 and Kratos MS-50 mass spectrometers
under ECNICI conditions using methane reagent gas."
7.8.2 Chemicals
Regiospecificchlorine-37enricheddichloro-,trichloro-,
tetrachloro-,pentachloro-andhexachlorodibenzo-p-dioxinswere
synthesizedin- house.79 Non-labeled dioxins were purchased from
AccuStandard.226
7.8.3 Determination of 37C1 Enrichment
Isotope enrichments were measured on the JEOL DX-300
instrument under ECNIMS conditions by recording the isotope pattern
of the molecular ion signal. The enrichment of regiospecifically 37C1-
labeled polychlorodibenzo-p-dioxins were measured under ECNIMS
conditions. Isotopic enrichments were determined by an algorithm that
seeks to minimze the x2 between a synthetically generated isotopic
pattern based on a modified binomial expansion and the experimental
data as described previously.99 The synthetic isotope patternis
generated from the equation: (x + y)m(A +B) where x and y are natural
abundances of 35C1 and37C1 respectively, and m is the number of
natural chlorines present. A and B are the 35C1 and 37C1 enrichment
residuals. Enrichments for labeled dioxins ranged from 74 to 96 atom
percent.79227
8. Conclusions and Discussion
The importance of understanding negatively charged species can
not be overstated. The simplest reaction known to chemistry, a simple
acid-base reaction cannot be completely described without encountering
a negative ion, yet this phenomena has not been given the same
attention as its counterpart, the positive ion. While there are books
dedicated solely to positive ion reactions in the gas phase,'°° it is
difficult to find works that are dedicated to negative ion chemistry. Most
books on the subject discuss complex theoretical aspects of negative
ions while ignoring the simple chemistry of the species. Because of
recentdevelopmentsinenvironmentalscience,electronicsand
biochemistry, negative ion chemistry is beginning to gain more attention
as a complete picture of chemical reaction mechanisms is required to
further the progress in these areas.
Negative ion studies have been hindered by the fact that theyare
difficult to study. Solution phase chemistry has the obvious complexity
of a surrounding medium that can interact with the ions, whilegas
phase studies of negative ions have been limited by the techniques used
to form these ions, such as the need to form dense plasmas to produce
enough low energy electrons to form negative ions.
With the advent of the electron monochromator',a tool came into
being that could allow for the generation of lowenergy electrons to form228
negative ions. The interfacing of this tool to a mass spectrometer by
Illenberger" opened the door to an entire branch of gas-phase chemistry,
allowing for the generation of negative ions in a pure environment.
Now that negative ions can be made with relative ease, the
difficulty lies in how to describe them. Unfortunately, a simple quantum
mechanical description of electron capture by a neutral molecule does
not exist.' The problem lies partly with the assumptions that are made
in modern computational methods that separate the nuclear and
electronic motion of a molecule. In electron capture process, both must
be taken into account.
The most successful approach using modern computational
methodology has been demonstrated in this work. Chen and Gallup'
have demonstrated that by using Feshbach's procedures, 101 predictions
of orbital energies using readily available gaussian basis sets and SCF
procedures can be used to accurately model negative ion resonance
states. This essentially makes low-energy electron capture experiments
one of the few ways to probe the virtual orbitals of a molecule.
In this work it has been demonstrated that the potential for
studying reaction mechanisms in the gas phase by the use of an
electron monochromator-mass spectrometer is enormous. The few
compound classes studied here barely scratch the surface of possible
experiments that could be carried out on this type of instrument. The
field of organic chemistry has generated so many compounds in this229
century that one need only look in the nearest Aldrich catalog for
thousands of possible candidates for this type of research. Because of
the complete lack of experimental data in this area, potential benefits of
this type of analysis are not obvious yet. In this work alone, several
important observations have been made, such as the suggestion that
electron capture may occur in d type orbitals, which has been predicted
by theory. The theoretical prediction that electron capture isa localized
phenomenon has been verified in the study of the sulfonamides
(Chapter 4). There are many possible futureuses for this type of
instrumentation, several of which are mentioned below.
Possible uses for the electron monochromator include interfacing
with a Fourier transform ion cyclotron resonancemass spectrometer to
study lifetimes of ions. Because the ion cyclotronresonance mass
specrometer has its own built in magnetic field, the monochromator
would fit very well within this field to serve asa soft ionization
technique.
The fusion of an electron monochromator and a time-of -flight
mass spectrometer promises to open a new door in high speed analysis
ofelectrophiliccompounds.Withalmostinstantaneousmass
information, a three dimensional spectrum could be aquired in seconds,
compared to the hours, even days that it takes to generatea three
dimensional spectrum with the current first generation instrumentation.230
An instrument such as this could also be used to study large
biomolecules. Initial ionization could take place using some other
technique, e.g. laser desorption or electrospray, followed by re-ionization
of the gas phase molecule with the monochromator.
Interfacing of the electron monochromator to an instrument with
MS-MS capability has already been suggested many times in this thesis
as a means to elucidate ambiguous reaction mechanisms. Several of the
mechanisms proposed in this work might have been established
unequivocally had there been the possiblity of MS-MS experiments
using electron monochromator ionization.Interfacing an electron
monochromator to a magnetic sector instrument has just been realized
in this lab, and is a route into MS-MS studies by use of linked scanning
techniques.
Clearly, there is much to be done in the study of gas phase
negative ion chemistry. The tools have matured to the point where they
are becoming readily accessible, which will no doubt significantly
increase what is known about these elusive species. The future isvery
bright for the study of negative ions.References
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Appendices239
Appendix A - Tabulated Spectral Data for Sulfonamides and their
Derivatives240
A.1 NCI Spectra of TFA Derivatives
Table A.1 NCI Spectrum of Sulfadiazene TFA Derivative
Mass Relative % Mass Relative %
94 2.73 220 3.82
113 1.98 221 1.61
116 1.05 235 5.52
124 2.53 236 2.34
127 12.99 237 4.00
165 1.66 251 100.00
187 2.10 252 1.92
189 1.26 253 6.33
219 5.34
Table A.2 NCI Spectrum of Sulfameter TFA Derivative
Mass Relative % Mass Relative %
69 1.06 205 1.72
79 1.01 219 9.37
94 5.18 220 6.10
113 3.06 221 2.54
116 1.28 235 7.80
124 3.81 236 3.67
127 21.30 237 5.72
165 1.70 251 100.00
166 1.84 252 36.39
187 2.29 253 6.09
189 1.78 254 1.52
203 1.02 439 1.25241
Table A.3 NCI Spectrum of Sulfamethoxazole TFA Derivative
Mass Relative % Mass Relative %
45 1.23 206 1.41
69 1.97 208 3.20
79 1.32 219 9.63
94 4.81 220 14.33
112 2.02 221 3.82
113 5.78 222 1.37
124 4.70 223 1.02
125 3.68 235 11.57
127 32.76 236 5.38
129 1.57 237 6.72
138 2.27 248 8.63
139 2.47 249 1.11
151 2.02 251 100.00
165 1.86 252 21.77
166 1.08 253 6.62
167 5.18 254 1.10
176 1.02 260 1.14
187 2.52 266 1.06
189 5.30 267 1.03
194 37.33 268 4.62
203 1.31 337 1.22
205 2.02 367 3.15
Table A.4 NCI Spectrum of Sulfamethazine TFA Derivative
Mass Relative % Mass Relative %
124 1.53 236 1.66
187 1.18 237 4.29
219 4.81 251 100.00
220 2.95 253 7.22
235 6.52
Table A.5 NCI Spectrum Sulfisomidine TFA Derivative
Mass Relative % Mass Relative %
124 2.85 221 1.24
127 2.49 235 8.68
165 1.33 236 3.35
185 8.60 237 6.26
187 2.32 251 100.00
219 7.28 253 6.84
220 5.04 424 3.78242
Table A.6 NCI Spectrum Sulfabenzamide TWA Derivative
Mass Relative % Mass Relative %
43 7.84 139 13.37
44 4.27 153 1.61
45 6.45 164 1.39
69 12.80 166 16.07
77 3.79 167 2.44
78 1.31 171 3.31
79 25.44 189 40.90
81 20.08 208 5.31
94 100.00 219 5.40
108 1.18 220 11.11
111 1.05 221 5.49
112 3.92 235 2.87
113 58.06 248 5.49
116 25.22 251 52.40
124 4.66 252 7.32
125 6.66 253 1.09
129 3.22 268 2.53
138 6.66 284 1.83
Table A.7 NCI Spectrum of Sulfacetamide TFA Derivative
Mass Relative % Mass Relative %
121 1.91 221 1.03
122 1.08 235 5.27
124 2.07 236 2.08
165 1.35 237 4.46
187 10.62 247 1.15
188 3.21 248 1.03
219 5.13 251 100.00
220 4.16 253 6.75243
Table A.8 NCI Spectrum of Sulfamethoxvpvridazine TFA Derivative
Mass Relative % Mass Relative %
43 1.29 189 3.20
69 2.05 219 4.14
79 3.67 220 3.19
81 2.90 221 1.94
94 14.13 235 6.68
113 5.74 236 2.18
116 5.78 237 3.23
124 2.82 248 1.91
165 1.66 251 100.00
166 2.36 252 1.61
187 2.82 253 5.92
Table A.9 NCI Spectrum of Sulfisoxazole TFA Derivative
Mass Relative % Mass Relative %
43 1.68 209 2.24
45 3.91 212 1.68
69 3.80 213 1.12
79 3.35 216 1.12
81 3.35 217 1.12
94 10.62 219 3.24
111 1.12 220 5.59
112 1.68 221 1.29
113 13.97 223 1.62
124 2.24 231 45.28
134 1.12 232 8.10
136 2.35 233 3.58
139 8.94 234 1.12
150 1.68 235 4.42
152 1.01 236 1.96
153 1.79 237 1.96
154 1.79 244 1.68
165 3.35 248 1.68
166 2.68 252 100.00
167 6.71 254 5.65
182 1.23 261 1.23
188 1.23 268 1.06
189 6.88 270 1.06
191 8.10 273 1.06
192 2.29 284 1.17
193 3.91 302 2.24
197 2.74 303 1.12
206 1.17 363 23.31
208 8.38244
NCI Spectra of Sulfonamides
Table A.10 NCI Spectrum of Sulfadiazene
Mass Relative % Mass Relative %
155 100.00 157 4.89
156 8.08
Table A.11 NCI Spectrum of Sulfameter
Mass Relative % Mass Relative %
46 2.78 155 4.09
127 100.00
Table A.12 NCI Spectrum of Sulfarnethoxazole
Mass Relative % Mass Relative %
139 2.47 158 4.34
155 46.51 252 8.90
156 100.00 253 1.16
157 8.16 254 2.60
Table A.13 NCI Spectrum of Sulfamethazine
Mass Relative % Mass Relative %
79 1.13 155 100.00
81 1.06 156 8.99
139 5.25 157 5.25
141 3.63
Table A.14 NCI Spectrum Sulfisomidine
Mass Relative % Mass Relative %
79 2.02 155 100.00
139 5.41 156 10.04
141 3.46 157 5.21
Table A.15 NCI Spectrum of Sulfabenzamide
Mass Relative % Mass Relative %
79 7.40 155 100.00
81 6.96 156 10.12
139 5.08 157 4.89
141 2.99
Table A.16 NCI Spectrum of Sulfacetamide
Mass Relative % Mass Relative %
122 1.70 156 7.58
155 100.00 157 5.04245
Table A.17 NCI Spectrum of Sulfamethoxvnvridazine
Mass Relative % Mass Relative %
79 2.49 141 5.72
81 2.22 155 100.00
123 1.56 156 14.22
139 12.09 157 5.61
140 1.11
Table A.18 -NCI S ectrum of Sulfisoxazole
Mass Relative % Mass Relative %
139 3.08 156 100.00
141 3.08 157 9.41
155 40.34 158 4.54246
NCI Spectra of Sulfonamides Silylated Derivatives
Table A.19 -NCI Spectrum of Sulfadiazene Silylated Derivative
Mass Relative % Mass Relative %
46 1.08 213 1.24
47 3.06 235 1.03
127 39.34 269 100.00
148 4.51 270 18.76
155 18.08 271 10.61
157 1.04 272 1.10
Table A.20 NCI Spectrum of Sulfamethoxazole Doubly Silylated
Derivative
Mass Relative % Mass Relative %
139 1.18 269 54.78
155 100.00 270 10.81
156 5.77 271 5.63
157 5.16
Table A.21 NCI Spectrum Sulfisomidine Silylated Derivative
Mass Relative % Mass Relative %
123 1.40 254 1.26
139 2.77 255 3.70
148 1.42 269 100.00
155 3.40 270 20.01
213 1.44 271 11.63
253 4.06 272 1.36247
Table A.22 NCI Spectra Sulfabenzamide Doubly Sil lated Derivative
Mass Relative % Mass Relative %
41 11.64 147 1.58
42 3.80 148 100.00
44 7.28 149 7.06
46 5.54 150 1.43
47 8.69 152 1.36
57 4.42 154 2.18
58 1.24 155 20.66
59 2.24 156 2.26
64 1.11 157 1.47
69 1.24 161 3.19
71 2.89 162 5.44
72 4.93 163 1.66
73 1.71 164 1.28
77 1.81 165 1.22
85 1.67 166 1.50
86 4.35 176 2.05
87 1.12 178 2.00
88 1.28 180 2.96
93 1.83 182 1.43
98 1.72 192 2.72
99 1.19 193 1.39
100 2.94 194 1.55
107 2.94 203 4.32
112 2.20 204 1.62
113 1.06 205 1.07
114 2.04 233 4.36
120 1.59 235 7.22
121 1.16 248 1.09
123 1.04 249 1.42
124 1.45 250 1.05
125 2.59 253 2.77
131 11.74 255 1.25
132 1.37 269 57.84
133 2.06 270 12.08
135 1.62 271 6.15
138 1.19 272 1.01
139 3.65 389 3.30
140 1.42 390 3.99
141 1.03 504 51.13
142 1.37 505 17.88
146 2.14 506 8.74
507 1.16248
Table A.23 NCI Spectrum of Sulfacetamide Sil lated Derivative
Mass Relative % Mass Relative %
107 1.22 237 8.53
122 4.78 238 2.22
123 13.07 239 1.08
124 1.78 253 20.32
131 6.72 254 4.37
139 19.85 255 10.14
141 4.80 256 1.77
155 73.10 269 100.00
156 1.26 270 28.60
157 4.11 271 11.76
198 1.72 272 2.26
213 2.16 327 1.47
221 1.13
Table A.24 NCI Spectrum of Sulfisoxazole Sil lated Derivative
Mass Relative % Mass Relative %
41 5.00 125 3.24
42 1.65 131 8.26
44 8.46 139 1.96
45 1.04 140 1.03
46 7.07 142 1.04
47 16.77 148 57.97
57 5.68 149 4.87
58 2.62 150 1.07
59 3.11 154 1.58
69 1.78 155 8.66
71 3.63 156 2.61
72 5.95 161 1.52
73 1.63 162 2.22
80 1.18 177 1.29
85 2.49 192 1.06
86 5.08 194 1.72
87 1.28 203 1.06
88 1.16 213 1.02
98 1.36 233 3.95
99 1.49 235 6.27
100 3.29 249 1.02
110 14.62 253 1.38
111 1.48 269 100.00
112 2.27 270 26.29
113 1.16 271 11.83
114 2.15 272 1.74249
Table A.25 NCI Spectrum of Sulfamethoxypyridazine Doubly Silylated
Derivative
Mass Relative % Mass Relative %
41 12.77 135 1.57
42 4.15 138 1.16
44 11.08 139 3.68
46 8.65 140 1.47
47 15.95 142 1.48
55 1.20 146 1.36
57 6.93 148 100.00
58 1.98 149 5.77
59 3.49 150 1.41
69 2.26 152 1.23
71 4.26 154 2.85
72 7.43 155 3.34
73 2.61 156 2.55
77 1.10 161 2.78
85 2.63 162 4.65
86 6.43 163 1.45
87 1.69 164 1.12
88 1.33 166 1.29
93 1.53 176 1.66
98 2.01 178 1.52
99 1.80 180 2.02
100 4.20 192 2.17
110 1.19 194 2.01
111 1.10 203 3.08
112 2.64 233 4.84
113 1.52 235 7.76
114 2.87 248 1.02
115 1.08 249 1.48
124 1.41 253 1.10
125 4.54 269 17.36
131 13.47 270 20.66
132 1.40 271 4.82
133 1.38 272 1.95
394 1.48250
Appendix B - Negative Chemical Ionization Spectra of
Organophosphateschloro parathionnci ch4chlor
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Figure B.3NCI spectrum of Fluoroparathioniodoparathion after hplc iodopara 3,1,95
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Figure B.4NCI spectrum of IodoparathionIcyanoparathion after hplc cuanopa 3,1,95
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Figure B.5NCI spectrum of Cyanoparathionparathion analytical parathion an 3/1/95
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Figure B.6NCI spectrum of Parathion'methyl parathion after $11 methylptic purification paul 9/13/94
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Figure B.7NCI spectrum of Methylparathion1methoxyparathion after hplc metho 3/1/95
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Figure B.8NCI spectrum of Methoxyparathion1protoparathion after hplcprotopa 3,1,95
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Figure B.9NCI spectrum of ProtoparathionNCI of iodoparaoxon run 2 on 4/28/96 by paul
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Figure B.10NCI spectrum of IodoparaoxonNCI of chloroparaoxon on 4/28/96 by paul
Max-104297Spectra 661 - 672; Background 503-605, 743-764
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Figure B.11- NCI spectrum of ChloroparaoxonNCI of bromoparaoxon on 4/28/96 by paul
Max - 236407Spectra 806 - 818; Background 566-767, 847-864
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Figure B.12NCI spectrum of BromoparaoxonNCI of paraoxon standard on 4/28/96 by paul
Max - 223296Spectra 903 - 918; Background 615-840, 263-510
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Figure B.13NCI spectrum of Paraoxon